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Chapter 1 
General Introduction 

G E N E R A L I N T R O D U C T I O N 
Melanocyte-stimulating hormone (α-MSH), a pituitary hormone of the vertebrates, is 
generally known for its role in background adaptation (Bagnara and Hadley, 1973). 
However, background adaptation is not very common in vertebrates, whereas the pituitary 
glands of most vertebrate species contain large numbers of α-MSH producing cells. Much 
effort has been made to find functions of α-MSH other than the control of pigment 
dispersion in the skin. Because α-MSH is structurally related to the stress hormone 
adrenocorticotropic hormone (ACTH), a number of researchers have assessed the 
involvement of α-MSH in the stress response (Vinson et al., 1984; Alexander et al., 
1988; Lindley et al., 1990; Lookingland et al., 1991). 
The concept of stress has been first described by Selye (1936) as a general reaction of 
a biological system to a diversity of stimuli, and this concept is presently still used (see 
review by Chrousos and Gold, 1992). In this thesis the stimulus will further be referred 
to as "the stressor" and to the reaction that the stressor evokes in the organism as 
"stress". Selye distinguished two phases in the stress response. First, the acute phase or 
"General Alarm Reaction", which occurs over minutes to hours, involves the activation of 
the sympathetic nervous system as well as the neuro-endocrine hypothalamo-pituitary-
adrenal axis. Second, the chronic phase, in which the organism makes efforts to adapt to 
repeated acute challenges or continuous stressors. It is Selye's "General Adaptation 
Syndrome" that refers to this second phase. Stress is under extensive study in fish, 
because fish under natural conditions or in breeding ponds, may be exposed to multiple 
stressors (pollution, pulp mill effluents and acidification but also intensive rearing and 
crowding; e.g. Pickering, 1981). Moreover, as will be discussed in this thesis, fish are 
excellent and readily accessible objects to study the endocrine regulation of stress 
responses. 
Acidification of the ambient water as a stressor 
Acidification of natural fresh waters has caused a substantial decline in fish populations 
and a reduction of the variety of fish species (see e.g. Muniz and Leivestad, 1980). The 
primary effect of acid water exposure on fish is a disturbance of ionic homeostasis - ion 
losses and influx of water - when the integrity of the branchial epithelium is affected 
(McDonald, 1983; Wendelaar Bonga et al, 1987). The tilapia Oreochromis mossambicus, 
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originating from waters of East Africa, and now bred worldwide in cooling water 
discharges of power plants, is a fish able to adapt to acidification of the ambient water, 
surviving pH values as low as pH 4.0 (Wendelaar Bonga et al., 1984). The animals 
remain vital and even continue to reproduce in water of pH 4.5. The tilapia, therefore, is 
well-suited as a test animal for the research on adaptation to acid water as a stressor. 
Two multifunctional hormones involved in the osmoregulation in fish, prolactin and 
Cortisol, play a central role in the adaptation to acid water (Wendelaar Bonga et al., 
1984). Prolactin controls the permeability of the branchial membranes to water and ions 
(Hirano et ai, 1987) and has hypercalcémie effects (Flik et al., 1994). Cortisol is the 
main steroid produced in the interrenal tissue of the fish headkidney (Colombo et al., 
1972; Sandor, 1979) and it has glucocorticoid as well as mineralocorticoid functions in 
fish. Cortisol controls the numerical density of the ionocytes, the ion-transporting cells of 
the gills, and stimulates the NaVK+- ATPase activity in these cells (Dharmamba, 1979). 
In this way the fish compensates for ion losses induced by the stressor. As a 
glucocorticoid, Cortisol promotes glycogenosis, lipolysis and protein breakdown, thus 
recruiting energy substrates necessary for the stress response. Therefore, in fish Cortisol 
is in at least two ways of importance in the adaptation to stress imposed by acid water. 
Preliminary observations on pituitary cells of tilapia exposed to low pH have revealed 
that the a-MSH producing cells are hyperactive. It has also been demonstrated that not 
only Cortisol but also a-MSH levels are increased in the blood plasma of fish adapted to 
low pH, and that this increase is independent of the colour of the background. 
Aim and outline of the thesis 
The aim of this thesis was to establish the importance of a-MSH in the adaptation of fish 
to acid water. The regulation of the release of a-MSH has been assessed and the effect of 
acid water as a stressor on these regulatory mechanisms has been described. 
In Chapter 2 an inventory of different forms of a-MSH in the tilapia neurointermediate 
lobe (NIL) is presented. The differential release of des-, mono- and di-acetylated a-MSH 
in vivo and in vitro, and the control of this differential release by thyrotropin-releasing 
hormone (TRH) is described. 
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Chapter 3 highlights the function of a-MSH during adaptation to acid water. It is 
shown that in-vitro released products of the pituitary neurointermediate lobe exert 
corticotropic effects: the Cortisol release-stimulating activity can be attributed to a-MSH 
as is concluded from immuno-absorbence experiments with a specific a-MSH antiserum. 
The corticotropic activity of the separate forms of a-MSH and ACTH is compared. 
In Chapter 4 effect of acid stress on the stimulatory control of a-MSH release is 
assessed. The sensitivity of the MSH cells increases to TRH but not to corticotropin-
releasing hormone (CRH). From these studies we conclude that TRH is a main 
hypothalamic factor controlling the release of a-MSH in stressed tilapia. The role of a-
MSH in chronic types of stress is discussed. 
Chapter 5 features the feedback effect of Cortisol on the unstimulated (basal) and 
stimulated release of a-MSH. The steroid reduces the sensitivity of the MSH cells to 
CRH. The feedback effect of Cortisol is diminished in fish adapted to acid water. 
However, the TRH-stimuIated a-MSH release is not affected by Cortisol. 
In Chapter 6 the effects of acid stress on the inhibitory control of a-MSH release are 
described. Dopamine inhibits the release of a-MSH under control conditions via a D2-like 
dopamine receptor. In fish exposed to low pH, unexpectedly, a Dl-like dopamine 
receptor activity is induced, with picomolar affinity. We speculate that this induction 
leads to a stimulatory control of α-MSH by dopamine during adaptation to acid water. 
In Chapter 7 the isolation and identification of a stimulatory dopamine receptor from a 
hypothalamus cDNA library are described. The receptor has an 80% similarity with both 
the human Dl and human D5 receptor. 
In the General Discussion the results of the previous chapters have been integrated and 
the importance of α-MSH as a corticotropic hormone in a evolutionary context has been 
assessed. The place of α-MSH in the time course of adaptation to stressors is discussed. 
Finally, the physiological aspects of the induction of the stimulatory dopamine receptor in 
the adaptation to low pH exposure has been considered. 
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Chapter 2 
Regulation of differential release of a-MSH forms 
from the pituitary of Oreochromis mossambicus 
With: H.E.M.G. Haenen, B.G. Jenks, P.H.M. Balm and S.E. Wendelaar Bonga 
Journal of Endocrinology, 129; 179-187 (1991) 

DIFFERENTIAL RELEASE OF α-MSH FORMS 
Abstract 
Using high performance liquid chromatography (HPLC) in combination with 
radioimmunoassay, three forms of α-MSH (des-acetyl, mono-acetyl and di-acetyl a-
MSH) were separated and identified in tilapia neurointermediate lobes and plasma, 
and in medium from lobes superfused in vitro The presence of acetylated forms in 
lobe extracts indicated that the peptides are acetylated intracellular^ Di-acetyl a-
MSH was, especially in comparison with mono-acetyl α-MSH, relatively more 
abundant in lobe extracts than in plasma This suggests that the three forms of a-
MSH are not released according to their relative intracellular abundances The 
possibility of regulation of this differential release by dopamine and TRH was 
investigated, using a microsuperfusion system Dopamine was a potent inhibitor of 
α-MSH release, but did not modulate the relative abundance of the different forms 
of α-MSH released from the MSH cells TRH was a potent stimulator of α MSH 
release It enhanced in vitro the release of di-acetyl α-MSH more than the release of 
mono-acetyl α MSH Thus tilapia may be able to modulate not only the quantitative 
but also the qualitative signal from the MSH cells This might enhance the flexibility 
of the animals to respond to environmental challenges 
Introduction 
In vertebrates, α-melanocyte stimulating hormone (α-MSH), synthesized in pituitary pars 
intermedia cells, is cleaved from the multifunctional precursor pro-opiomelanocortin 
(POMC) In addition to α-MSH, a number of other peptide hormones are cleaved from this 
precursor They can be divided into three groups adrenocorticotropic hormone (ACTH)-like, 
endorphin-like and MSH-hke products Post-translationally, POMC-denved peptides can be 
modified, for example by glycosylation or acetylation Three forms of α-MSH are known 
des-, mono- and di-acetylated α-MSH (des-acetyl, mono-acetyl and di-acetyl α-MSH) 
Acetylation of α-MSH may be of functional significance, because the different forms of 
α-MSH have different melanotropic and lipolytic potencies in mammals and fish (Rudman 
et al , 1983, Kishida et al , 1988) Our group has reported a higher corticotropic effect for 
di acetyl α-MSH than for des- and mono-acetyl α-MSH on tilapia interrenal tissue in vitro 
(Balm et al , 1987) 
Acetylation of α-MSH apparently takes place intracellular^ in mammals and fish, 
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because all three forms of a-MSH are not only found in the blood plasma, but also in 
extracts of the neurointermediate lobe (NIL) (Rudman et al., 1983; Follenius et al., 1986b; 
Kishida et al., 1988). If the degree of acetylation is indeed of functional significance, 
differential release of the three forms of a-MSH may be anticipated under various 
circumstances. We were therefore interested in the control of a-MSH release in fish, 
particularly in the possibility of modulation of the differential release of the three forms of 
a-MSH by two regulatory factors, dopamine and thyrotropin-releasing hormone (TRH). In 
mammals, amphibians and fish there are biochemical data that dopamine inhibits a-MSH 
secretion from melanotropes in vivo as well as in vitro, (e.g., Tilders et al., 1985; Verburg-
van Kemenade et al., 1986; Omeljaniuk and Peter 1989). Direct innervation of a-MSH cells 
by dopaminergic fibers of hypothalamic origin has been described for the lower vertebrates, 
including fish (Kah et al., 1984). Another hypothalamic factor known as an a-MSH 
secretogogue in the lower vertebrates is TRH. Tonon et al. (1980) and Verburg-van 
Kemenade et al. (1987b) demonstrated a strong stimulatory effect of TRH on a-MSH release 
from R. rìdibunda and X. laevis NIL. In contrast, TRH has no a-MSH releasing activity in 
rats (Kraicer, 1977) and newts (Danger et al., 1989). A regulatory role for TRH in a-MSH 
release of teleost fish has been indicated by Omeljaniuk et al. (1989). These authors found 
a dose-related stimulation of a-MSH release by TRH from goldfish NIL in vitro. 
The species investigated in this study is the tilapia Oreochromis mossambicus. In this 
species Van Eys (1981) showed three peaks with melanocyte-stimulating activity. In the 
present study we report that these peaks represent des-, mono- and di-acetylated a-MSH. To 
study the control of the release of the different a-MSH forms, a superfusion system was 
developed in which the effects of dopamine and TRH on the kinetics of hormone release 
were analyzed. We further determined blood plasma levels of the three forms of a-MSH and 
of TRH. 
Material and methods 
Experimental animals 
In all experiments mature female tilapia, Oreochromis mossambicus (formerly Tilapia mossambica 
and Sarotherodon mossambicus), bred in the laboratory, were used. The fish were kept in tanks (120 
1) with tap water at 28°C on a neutral coloured background. The photoperiod was 12 h of direct 
illumination alternated with 12 h of darkness. The body weight of the fish ranged from 10 to 25 g. 
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The fish were fed a commercial dried fish food (Tetramin) Feeding was stopped 24 h before the 
experiments Immediately after removal from the tank, the fish were killed by spinal transection and 
their pituitary glands were dissected from the brain 
in-vitro superfusion 
After separation from the pars distahs, NILs were placed on a Filter on the bottom of a superfusion 
chamber (volume 10/tl) One superfusion unit consisted of four superfusion chambers Three units 
were available, so a maximum of 12 chambers could be superfused simultaneously Two NILs per 
chamber were superfused with a solution of HEPES (15 mM), NaCl (132 mM), KCl (2 mM), 
CaCl2 2H20 (2 mM) (pH 7 38), with 0 25% (w/v) glucose and 0 03% (w/v) bovine serum albumin 
(BSA) The super fus ion medium was pumped through the chambers by a 16 channel peristaltic pump 
(Watson Marlow) at a rate of 30μ1/πιιη Fractions were collected over varying periods, using an Iseo 
fraction collector After reaching a basal level of release, secretagogues were administered, diluted 
to the desired concentration in superfusion medium just before use At the time of administration the 
superfusion medium reservoir was changed for the reservoir containing the secretagogue After a 30-
min pulse, the reservoirs were changed again The fractions collected just before and during the pulse 
were split in two One half of the fraction was used for determination of the immunoreactive (ir) a-
MSH in an RIA, the other halfs of the fractions were pooled and used for HPLC analysis The 
fractions were immediately stored at -20aС Concentrations of α-MSH were determined by means 
of an RIA and release was expressed as fmol ir-a-MSH/min per NIL or as percentage of basal 
release, designated 100% and calculated as the average release during the last 30 mm before the 
pulse 
Preparation of NIL extracts 
Freshly dissected NILs were homogenized in a Potter homogenizer in 500μ1 ice-cold HCl (0 1 M) 
The homogenate was centnfuged for 5 min at 10,000g in an Eppendorf centrifuge The supernatant 
was submitted to HPLC analysis 
Collection of blood plasma 
The blood of nine fish was collected from the caudal vessels and diluted 1 1 in saline containing 2 
mM EDTA and 100,000 KIU aprotinin/ml (Sigma, USA) After centnfugation the plasma was 
brought onto a equilibrated octadecyl Bakerbond column (J Τ Baker, Phillipsburg, USA) α-MSH 
was eluted with 40% propanol in formic acid/pyndin buffer After drying in a Savant Speedvac 
Concentrator, α-MSH was dissolved in 0 05 M HCl and subjected to HPLC The recovery of α-MSH 
after the Bakerbond column was 30-40% and equal for all three forms of α-MSH 
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Characterization of the di-acetyl a-MSH peak 
Six NILs were incubated for 3 5 hrs with ΙΟμΟ [3H]-lysine, [3H]-serme, [3H]-proline and [JHJ-
tryptophane (75, 28. 22 and 25 Ci/mmol respectively), in ΙΟΟμΙ incubation medium After rinsing, 
the NILs were chased for 3 hrs with medium containing 2 mM of lysine, 2 mM serine, 2 mM proline 
and 2 mM tryptophane Newly synthesized products in NIL extracts were separated on HPLC and 
the material coeluting with di-acetyl a-MSH, peak C, was isolated, dried and dissolved in 50 μΐ 
demineralized water, 25μ1 NaOH (0 02 M) was added to 25μ1 peak С and incubated at 37°C for 30 
min As a control 25μΙ demineralized water was added to the other 25μ1 peak С Both the control and 
the NaOH treated peak С were submitted to HPLC 
HPLC 
HPLC was performed on a Sphensorb ODS column (Martens et al 1981) α-MSH was eluted with 
a propanol-1 gradient in a buffer consisting of 0 5 M formic acid, plus 0 14 M pyndin (pH 3), with 
a flow rate of 2ml/min The eluate was collected in 0 3 mm fractions The fractions were dried in a 
Savant Speedvac Concentrator and stored at -20°C Shortly before the MSH assay fractions were 
dissolved in HCl (0 1 M)/methanol (11, v/v) The recovery of α-MSH after HPLC was 45-55% and 
equal for all three forms of α-MSH 
α-MSH radioimmunoassay 
Concentrations of α-MSH were measured in duplicate in an RIA with an antiserum against mono-
acetyl α-MSH, produced and characterized by Vaudry et al (1978) and used at a final dilution of 
1 60,000 α-MSH was labeled with '"I (Amersham, MS30) using the ìodogen method (Salacinsky 
et al, 1981) and purified through solid phase extraction (octadecyl Bakerbond column) Bound and 
unbound radioactivity were separated by polyethylene glycol precipitation The sensitivity of the assay 
was 6 finol Cross-reactivity with des-acetyl and di-acetyl α-MSH was 100% The inter-assay 
variation was 6 ± 1 % and the intra-assay variation 2 + 1 % 
Determination of TRH 
Circulating TRH levels were determined by means of a specific RIA for TRH (Visser and Klootwijk, 
1981) To 1 volume of blood, 4 volumes ice-cold 100% ethanol were added and the mixture was 
shaken and centrifugea The supernatant was dried m a Savant Speed Vac concentrator and stored at 
-80°C 
Chemicals 
Des-acetyl α-MSH, mono-acetyl α-MSH, di-acetyl α MSH (1-13, synthetic bovine) and 
3-hydroxytyramine (dopamine) were from Chemical Company Sigma (St Louis, MA, USA) Before 
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use dopamine was dissolved in ascorbic acid (1 
mg/ml; Merck, Darmstadt, FRG). TRH was a gift 
from Prof. H. Vaudry (Rouen, France). Tritiated 
amino acids were purchased from Amersham 
International pic, Amersham, Bucks, UK). All other 
chemicals were of analytical grade. 
Statistics 
Results are presented as means ± SEM. Statistical 
analyses were performed using Student's r-test or 
Mann-Whitney {/-test where appropriate. 
Results 
Separation and identification of a-MSH forms 
a-MSH in NIL cells 
The HPLC immunogram of NIL extracts showed 
predominant α-MSH immunoreactivity only 
between 10 and 16 min of elution. Within this 
period three major α-MSH immunoreactive peaks 
eluted at 11.5, 13.2 and 14.5 min (Fig. la). 
These three peaks represent at least 90% of the 
total α-MSH immunoreactivity. Before 10 min of 
elution, there were a few small peaks which 
contained less than 10% of the ir-a-MSH (data 
not shown). 
To determine the identity of the major 
peaks, elution times were compared with those of 
synthetic des-, mono- and di-acetyl a-MSH 
standards, that were subjected separately to 
HPLC (Fig. lb). Peak A coeluted with des-acetyl 
α-MSH, peak В with mono-acetyl α-MSH and 
s 
и 
10 12 14 16 
Period of elution(min) 
FIGURE 1. a) HPLC of extract of tilapia 
NIL between 10 and 16 min of elution, 
expressed as a percentage of total a-MSH 
immunoreactiviiy. The broken line 
represents the propanol gradient. Values 
are means ± S.E.M., л=4. A, B, and С 
are the major α-MSH immuno-reactive 
peaks, b) HPLC of synthetic des-acetyl a-
MSH ( · ) , mono-acetyl α-MSH (O) and 
di-acelyl a-MSH (+) standards, subjected 
separately to HPLC. 
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FIGURE 2. a) High-performance liquid chromatography (HPLC) of a-MSH in plasma (л=4). b) HPLC 
of a-MSH m medium collected between 30 and 60 minutes of superfusion of neuro-intermediate lobes 
(л = 8) Values are means ± S.E M 
peak С with di-acetyl a-MSH. Further characterization of peak С was performed by treating 
the material in peak С collected from radioactively labelled NILs with 0.01 M NaOH for 30 
min. This high-pH treatment converts di-acetyl a-MSH to mono-acetyl a-MSH by removing 
the O-acetyl group. The elution time of the treated product was earlier and corresponded to 
that of mono-acetyl a-MSH. 
a-MSH forms released in plasma and in superfusion medium 
The three forms of a-MSH were also found in plasma and superfusion medium (Fig. 2). 
However, when compared with the intracellular situation, relatively more mono-acetyl a-
MSH than di-acetyl a-MSH was measured. In the NIL homogenates the ratio of the peak 
areas of di-acetyl a-MSH to mono-acetyl a-MSH (di/mono ratio) was significantly higher 
than in the superfusion medium and in plasma (p<0.01 and ρ < 0.05 respectively, Table 1). 
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The total ir-a-MSH in the blood plasma 
was 294.2 ± 50.9 pM (n=6). 
Regulation of release of a-MSH farms 
To study the control and kinetics of a-MSH 
release and acetylation by regulatory 
factors, we first analyzed the unstimulated 
release of total ir-a-MSH (i.e. the degree of 
acetylation is not specified) by tilapia NILs 
in the superfusion system. 
A typical example of the sponta­
neous release of ir-a-MSH from NILs 
during superfusion is shown in Fig. 3. The 
initial release of 75 fmol/min/NIL 
decreased within 4 hours to a basal level of 
25 fmol/min/NIL. This basal release rate 
remained constant for at least 4 to 5 h. The 
a-MSH contents of the NILs after 
superfusion was 16.3 ± 2.3 pmol/NIL (n=6) 
90 
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20 
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0 - • 
60 120 ISO 240 300 360 420 
time of superfusion (min) 
FIGURE 3 Typical pattern of the unstimulated in­
vitto α-MSH release during superfusion of tilapia 
neurointermediate lobes (NIL) for 400 mm. 
Dopamine 
Dopamine was administered in concentrations ranging from 2.8 nM to 10 μΜ during 30 min 
(Fig. 4). Each dosage caused a significant (p<0 01) decline in total ir-a-MSH release into 
the medium within 7.5 min. The decline continued until the end of the pulse. After changing 
to dopamine-free medium, the release was restored to 61 to 97% of the basal release within 
30 min. The effect of dopamine was dose dependent. 
TRH 
The TRH concentration in blood plasma was 300 ± 20 pM. 
Release of a-MSH increased during the TRH pulse (Fig. 5) and reached its peak 
value during the first or second 5-min fraction. Because of this, the mean maximal 
stimulation was calculated as the mean of the highest a-MSH value of every individual 
superfusion chamber during the TRH pulse. This mean maximal stimulation by 10 nM TRH 
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FIGURE 4. Effects of different concentrations of dopamine on or-MSH release during superfusion of 
neurointcrmediate lobes as percentage of basal release. Values are means ± S.E.M. 
was 100.4 ± 15.6% higher than basal values (p<0.01). In general the maximal stimulation 
was reached within 5 min (190.2 ± 15.7% of basal release, p<0.01), and tended to decline 
to a stable release rate, approximately 50% higher than basal. After changing to TRH free 
medium, the release rapidly returned to the basal level. 
Effects of dopamine and TRH on the differential a-MSH release 
The ir-a-MSH that was released during administration of both dopamine (10 μΜ) and TRH 
(10 nM) pulses was collected and analyzed by HPLC. The profiles were compared with the 
HPLC immunogram of a-MSH in superfusion medium collected just before the pulses. All 
three forms of a-MSH were released during the pulses as well as under control conditions. 
The di/mono ratio during the TRH pulse was significantly higher than the di/mono ratio of 
the a-MSH collected just before the pulse. However, there was no difference between the 
peak area di/mono ratios in superfusion medium collected during the dopamine pulse and 
those in control medium. No significant changes in des/mono ratios were found after TRH 
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stimulation or dopamine inhibition (Table 
1). 
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Discussion 
Isolation and identification of a-MSH forms 
Three immunoreactive forms of a-MSH 
were demonstrated in tilapia NIL extracts 
and in-vitro superfusion medium by means 
of HPLC in combination with an RIA, 
methods which have previously been proven 
successful in mammals, amphibians and fish 
(e.g. Tilders et al., 1985; Rudman et al., 
1983; Vaudry et al., 1984; Follenius et al., 
1985; Kishida et al. 1988; Dores and Joss, 
1988). Peaks A, В and С coincided with 
standard des-acetyl, mono-acetyl and di-
acetyl α-MSH, respectively. Peak С 
appeared to be unstable in high pH 
conditions and its converted form coeluted 
with mono-acetyl α-MSH. This 
phenomenon has previously been described for di-acetyl α-MSH (Rudman et al., 1983; 
Vaudry et al. 1984; Follenius et al. 1985; Dores and Joss, 1988). Consequently we 
concluded that peaks А, В and С are des-acetyl, mono-acetyl and di-acetyl a-MSH 
respectively. The three peaks represent about 90% of all α-MSH immunoreactivity. A further 
10% was found as a few small peaks eluting before 10 min of elution and might be 
sulphoxide forms of α-MSH (Leenders et al., 1986). 
The three a-MSH forms were found in NIL extracts as well as in in-vitro superfusion 
medium. This is in line with observations in other fish species and in mammals (Evans el al., 
1982; Follenius et al. 1985; Dores and Joss, 1988), but in contrast with findings in two 
amphibians (Martens et al., 1981, Vaudry et al., 1983), where acetylation is associated with 
release of α-MSH. We conclude that acetylation of α-MSH in tilapia occurs before release, 
100 140 180 
Period of superfusion (min) 
FIGURE 5. Effect of a 30 min TRH pulse (10 nM) 
on OÍ-MSH release from tilapia neurointermediate 
lobes. Values are the mean ± S.E.M. of the 
fractions of 12 superfusion chambers as 
percentage of the basal release. This unstimulated 
release was 50.4 ± 6.0 fmol cx-MSH/rnin/neuro-
lntermediate lobe and defined as 100%. 
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TABLE 1. Di/mono and des/mono ratios in NIL, blood plasma and superftision medium 
di/mono ratio des/mono ratio 
NIL extract (n=5) 0 86 ± 0 12 0.77 ± 0 06 
Plasma (n=4) 0 40*± 0 15 0.18"± 0 06 
Superfusion medium 
-Basal (n=8) 0 55 ± 0 03 0 52 ± 0 07 
-Dopamine (n=5) 0 56 ± 0 02 0 31 ± 0.07 
-TRH (n=5) 0 75c± 0 08 0 58 ± 0 07 
Peak area di-acetylated or-MSH/mono-acetylated a-MSH (di/mono) and des-acetylated a-MSH/mono-
acetylated a-MSH (des/mono) ratios in tilapia neurointermediate lobe (NIL) extract, plasma, and 
superfusion medium under basal conditions and during administration of dopamine (1 /iM) and TRH (10 
nM)m vitro. Values are means ± S E M • /><0 05, ь P<Q 01 compared with NIL extract, C.P<0 05 
compared with basal superrasion medium (Mann-Whitney l/-test) 
perhaps within the granules of melanotropes. 
The di/mono ratio we found in tissue extracts of tilapia NILs is lower than those for 
NIL homogenates of carp and goldfish (Follenius et al. 1986b, Kishida et al. 1988) and 
higher vertebrates (Tilders et al. 1985), as deduced from the presented data. Follenius et al. 
(1985) suggested their high di-acetyl a-MSH values to be due to homogenization of the NILs 
in acetic acid in which the di-acetyl a-MSH would be far more stable. However, we did not 
find any quantitative difference with regard to the forms of a-MSH between homogenization 
in HAc and HCl (data not shown). Further evidence that the high values of di-acetyl a-MSH 
in NIL extracts of carp and goldfish are not due to procedural artefacts, is indicated by the 
results of Kishida et al., (1988). Using the same isolation procedure, they found much less 
di-acetyl a-MSH in trout NILs than in carp NILs, whereas mono-acetyl a-MSH values were 
comparable. Thus, the di/mono ratio in NIL extracts of teleost fishes seems to be species 
specific. 
The three forms of a-MSH were present in tilapia blood as well. This indicates that 
in tilapia all three forms are released in vivo. When comparing the ratio of di-acetyl to mono-
acetyl a-MSH peak areas in NIL extracts and in plasma, we found that it was significantly 
lower in plasma. Follenius et al. (1986a) reported even larger differences in di/mono ratios 
between plasma and NIL extracts of carp and goldfish The ratio differences between plasma 
and NIL cells were explained by these authors as a conversion of di-acetyl a-MSH to mono-
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acetyl α-MSH. However, conversion in plasma is unlikely as an explanation for this 
difference, since the half-life of di-acetyl α-MSH in plasma appeared to be longer than that 
of mono-acetyl α-MSH in vivo as well as in vitro (Rudman et al. 1983). Furthermore, di-
acetyl α-MSH is an energetically more expensive form of α-MSH than mono-acetyl α-MSH 
and is therefore unlikely to be an intermediate product in the synthesis of mono-acetyl 
α-MSH. Because this difference in di/mono ratio was also found in in-vitro medium, we 
suggest that di-acetyl and mono-acetyl α-MSH are not released in proportion to their 
intracellular ratio, but in variable ratios that are under physiological control. 
The fact that the des/mono ratio in plasma is much lower than in in-vitro medium 
might be explained by the possibility that the half-life of des-acetyl α-MSH is shorter in 
plasma than in in-vitro medium. This high ratio in in-vitro analysis might therefore be 
considered a non-physiological phenomenon. 
The total amount of ir-a-MSH in tilapia blood plasma is in the range of values 
reported for other neutral background adapted unstressed fish (Rodrigues and Sumpter, 1984; 
Sumpter et al., 1986; Follenius et al. 1986a). Blood values seem to be species dependent and 
can be influenced by background colour and some types of stress (Baker et al., 1984; 
Rodrigues and Sumpter, 1984; Sumpter et al., 1985). 
Control of release of α-MSH in vitro 
In the superfusion system used in this study, the unstimulated α-MSH release was stable for 
at least 6 to 7 h. The α-MSH content of the NILs after the superfusion period was still high 
compared with the release values. This suggests that the rate of biosynthesis remains high 
during in-vitro superfusion, which indicates that the NILs remain viable during the 
superfusion period. 
Dopamine had a dose-dependent inhibitory effect on α-MSH release from tilapia NILs 
in concentrations varying from 2.8 nM to 10 μΜ. Since the decrease of α-MSH release 
continued until the end of the dopamine pulse, it is likely that the inhibitory effect will be 
even larger, had the dopamine administration been continued for longer than 30 min. This 
confirms that dopamine is a potent inhibitor of α-MSH release in tilapia, similar to other 
species of teleosts (Olivereau et al., 1987; Omeljaniuk et al. 1989) and higher vertebrates 
(e.g. Tilders et al., 1985). 
The di/mono ratio of the medium collected during the dopamine pulse did not differ 
from that of medium collected just before the pulse. Dopamine, therefore, does not seem to 
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modulate the differential release of the three forms of a-MSH. Tilders et al. (1985) did not 
report effects of dopamine on the spectrum of a-MSH forms in rats. In contrast, in some 
amphibians the release of des-acetyl a-MSH was preferred over mono-acetyl a-MSH under 
dopamine treatment (Jenks et al., 1985; Verburg-van Kemenade et al., 1987a). 
TRH induced a twofold increase in a-MSH release in a 10 nM concentration, a 
concentration within the dose response curve of TRH in goldfish (Omeljaniuk et al. 1989). 
Because the presence of TRH has been demonstrated in the hypothalamus and pituitary gland 
of teleost fish (Jackson and Reichlin, 1980), we suggest that TRH is a physiologically 
relevant stimulatory factor for a-MSH release in tilapia. Verbürg-van Kemenade et al., 
(1987b) found a stimulatory effect of 0.1 and 1 μΜ TRH on a-MSH release in vitro in the 
clawed toad, but they questioned a physiological role for this peptide in the regulation of a-
MSH secretion, because plasma TRH levels were as high as 0.10 μΜ. In this animal, the 
poison gland of the skin is another source of TRH (Richter et al., 1984), and they can 
increase plasma TRH to levels within the range for stimulation of a-MSH release. In tilapia, 
however, the plasma TRH concentration was as low as 0.3 nM, a concentration that lies 
below the lowest effective concentration in goldfish (Omeljaniuk et al. 1989). We conclude 
that circulating TRH levels do not interfere with effects of TRH secreted into the NIL by 
neurons of hypothalamic origin. 
In mammals, where TRH is known to stimulate thyrotropin release from the pars 
distalis of the pituitary, it failed to stimulate a-MSH and ACTH secretion from the pituitary 
(Kraicer, 1977). In fish and amphibians TRH is thought to be of less importance in 
regulating thyrotropin release (Jackson, 1978), although Gracia-Navarro et al. (1990) 
demonstrated a stimulation of TSH cells of frogs by TRH. Apparently, the targets for this 
peptide have changed in evolution, although in all vertebrates TRH seems to be involved in 
the regulation of pituitary prolactin release. 
The kinetics of a-MSH release during 30 min of TRH administration, showing a 
transient peak after 5 min and a subsequent decline to a stable level at approximately 150% 
of the basal release, are very similar to the findings of Lamacz et al. (1987) who described 
this as a biphasic effect. 
Our observation that the di/mono ratio of the released a-MSH after TRH stimulation 
was higher than that observed just before the TRH pulse indicates that TRH not only 
increased the total amount of released a-MSH, but also stimulated the release of di-acetyl a-
MSH more than that of mono-acetyl a-MSH. Thus TRH seemed to shift the differential 
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release of α-MSH forms in favour of the more potent α-MSH form. A comparable 
differential effect of TRH on the acetylation of α-MSH was found in frog (Tonon et al. 
1985), where the mono-acetylated form was favoured over des-acetyl α-MSH. Our findings 
suggest that in tilapia di-acetyl α-MSH is kept in storage under control circumstances and is 
released in relatively high quantities during stimulation by TRH. In this respect TRH differs 
from dopamine, that indiscriminately inhibited the release of all α-MSH forms in tilapia. 
Since di-acetyl α-MSH has a higher melanotropic activity, as suggested by Kishida et al. 
(1988), the control of differential release of di-acetyl α-MSH may have physiological 
implications. This mechanism may enhance the flexibility of the animals to respond to 
environmental challenges. 
Preliminary results of our group (Balm et al. 1987) suggest a corticotropic function 
for α-MSH, since it stimulates the Cortisol release from tilapia interrenal tissue. On the other 
hand, several authors have suggested a corticotropic function for α-MSH, for mammals 
(Szalay and Stark, 1982; Kawauchi et al. 1984). In some fish, α-MSH secreting cells have 
been shown to be activated during stress (Malo-Michele, 1980; Sumpter et al. 1985) and 
might be involved in the stimulation of adrenal tissue during stress. The function of 
acetylation of α-MSH with regard to its corticotropic effect will have special attention in our 
further studies. 
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α-MSH, A CORTICOTROPE IN FISH 
Abstract 
In stressed tilapia, Oreochromis mossambicus, total a-melanocyte-stimulating 
hormone (α-MSH) levels and di-acetyl a-MSH/mono-acetyl α-MSH (di/mono) ratios 
are elevated. We therefore investigated the role of α-MSH in the regulation of the 
pituitary-interrenal axis. The corticotropic activities of des-acetyl α-MSH, mono-
acetyl α-MSH and di-acetyl α-MSH were compared. These forms of α-MSH were 
isolated from neurointermediate lobes and tested in a superfusion experiment with 
homologous interrenal tissue. The corticotropic activity of di-acetyl α-MSH was the 
highest, followed by that of des-acetyl α-MSH and mono-acetyl α-MSH. Apparently, 
acetylation of α-MSH is of functional significance for corticotropic action. Di-acetyl 
α-MSH proved to be about 100 times less potent than АСТЩ1-Э9): the half maximal 
stimulating concentrations for ACTH and di-acetyl α-MSH were 0.89 nM and 
110 nM respectively. Surprisingly, a superfusate from neurointermediate lobes proved 
to be only about three times less active than a superfusate from the pituitary pars 
distalis, in which the corticotropic activity is attributable to its ACTH content. When 
selectively stripped of all forms of α-MSH by passage through a Sepharose column 
coated with an antiserum against α-MSH, the neurointermediate lobe superfusate was 
devoid of corticotropic activity. Thus, α-MSH appears to be the corticotropic factor 
in the superfusate of the neurointermediate lobe. After the same treatment, the 
corticotropic activity of the pars distalis superfusate was not affected. We conclude 
that (in vivo) an as yet unidentified factor is co-released with α-MSH from the 
neurointermediate lobe, and that this potentiates its corticotropic activity. 
Introduction 
Melanocyte-stimulating hormone (α-MSH) is a pro-opiomelanocortin (POMC)-derived 
peptide found in all vertebrates. The peptide was named MSH because of its best studied 
function, i.e. the regulation of melanin dispersion in melanocytes in the process of the 
background adaptation of amphibians (Bagnara and Hadley, 1973). 
The role of α-MSH in background adaptation is equivocal in fish. In some species, 
melanocyte-concentrating hormone (MCH) and α-MSH in concert control the colour change 
of the skin (Green and Baker, 1989). However, in the molly, Poecilia lalipinna and the 
flounder, Pleuronectes flesus the involvement of α-MSH in this process could not be 
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demonstrated (Ball and Batten, 1981; Baker et al, 1984). Moreover, colour changes as an 
adaptation to background appear to be predominantly under neural control in fish (Green and 
Baker, 1989). A more common, although not consistent (Pickering et al, 1986) finding so 
far is the activation of fish α-MSH-producing cells during stress (Malo Michele, 1980; 
Sumpter et al., 1986). This finding is in line with recent results from higher vertebrates 
(Alexander et al, 1988; Carr et al, 1990; Lookingland et al, 1991). 
In a previous report (Lamers et al, 1991) we showed that in tilapia the release of the 
three forms of a-MSH (des-, mono- and di-acetyl a-MSH) can be differently modulated in 
vitro by hypothalamic factors. When stimulated by thyrotropin-releasing hormone (TRH), the 
release of di-acetyl a-MSH is relatively more enhanced than that of mono-acetyl a-MSH and 
this suggests a specific role for di-acetyl a-MSH. So far, to the best of our knowledge no 
reports have appeared on the corticotropic activity of di-acetyl a-MSH in lower vertebrates. 
Proceeding from the observation that exposure to acid water as a stressor results in 
elevated plasma levels of a-MSH, and specifically of di-acetyl a-MSH (Lamers et al, 1990), 
we evaluated the potential role of the three forms of a-MSH in the pituitary-interrenal (PI) 
axis. To this end the corticotropic activity of the three forms of a-MSH was determined and 
the potency of di-acetyl a-MSH was compared with that of adrenocorticotropic hormone 
(АСТЩ1-39)). In experiments in which headkidney was stimulated by products released by 
the neurointermediate lobe (NIL) or by the pituitary pars distalis (PD), we found an 
unexpectedly high stimulatory activity of the secretory products of the NIL. We conclude 
that the NIL co-secretes a potentiating factor for the corticotropic action of a-MSH. 
Materials and methods 
Experimental animals 
Mature female tilapia, Oreochromis mossambicus, were bred in the laboratory. The fish were kept 
in 120 litre tanks with tap water at 28°C on a grey background. The photoperiod was 12 h of direct 
illumination alternated with 12 h of darkness. The body weight of the animals ranged from 75 to 
125 g. The fish were fed a commercial dried Fish food (Trouvit, Trouw, Putten, the Netherlands). 
Feeding was discontinued 24 h before the experiments. Immediately after capture the fish were killed 
by spinal transection. 
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Radioimmunoassay (RIA) for a-MSH 
Concentrations of α-MSH were determined in duplicate in a radioimmunoassay (RIA). The antiserum 
was raised against synthetic mono-acetyl α-MSH (Sigma, M4135, St Louis, MO, U.S.A.) and 
characterized in our laboratory (Van Zoest et al., 1989). Immunocytochemical experiments showed 
no cross-reaction of the antiserum with ACTH cells in the PD of tilapia. The cross-reactivity with 
des-acetyl- and di-acetyl α-MSH was 100 %, with АСТЩ1-24) and АСТЩ1-39) less than 0.5 %. 
The antiserum was used in a final dilution of 1:60,000. α-MSH was labelled with 125I (Amersham 
International pic, Amersham, Bucks, U.K.) with the iodogen method (Salacinsky et al., 1981) and 
purified through solid phase extraction (octadecyl Bakerbond column; J.T. Baker, Phillipsburg, NJ, 
U.S.A.). Bound and free labelled α-MSH were separated by polyethylene glycol precipitation of the 
immunocomplex. The detection limit of the assay was 6 fmol. The interassay variation was 13 ± 2 
% and the intra-assay variation 6 ± 1 %. 
RIA for Cortisol 
Concentrations of Cortisol were determined in duplicate in an RIA for Cortisol as described by De 
Man et al., (1980). The Cortisol antiserum (K15) was produced in the Department of Endocrinology, 
Radboud Hospital, Nijmegen. The final dilution was 1:25,000. 3H-labelled Cortisol was purchased 
from Amersham International pic. Bound and free Cortisol were separated by precipitation of the 
immunocomplex with Sac-Cel (IDS Ltd, Boldon, Tyne and Wear, U.K.) during a 1 h contact time 
and 5 min centrifugation (9,000 g). The interassay variation was 10 ± 3 % and the intra-assay 
variation 6 ± 3 %. 
Isolation of tilapia α-MSH forms 
To isolate tilapia α-MSH forms, 12 freshly dissected NILs were homogenized in 1 ml ice-cold HCl 
(0.1 M) using a glass-to-glass Potter homogenizer device. Membranes and particulate material in the 
homogenate were removed by centrifugation (10,000 g, 10 min); the forms of α-MSH in the 
supernatant thus obtained were separated by high-performance liquid chromatography (HPLC) 
(Spectra Physics SP 8700, Eindhoven, The Netherlands), with a Spherisorb ODS column (Chrompack 
В.V., Middelburg, The Netherlands). Elution was carried out with a 1-propanol gradient (10 - 16 %) 
in a buffer consisting of 0.5 mol formic acid/1 plus 0.14 mol pyridine/1. The flow rate was 2 ml/min. 
The eluate was collected in 0.3-min fractions, dried in a Savant Speedvac concentrator and stored at 
-20°C. The α-MSH content of the fractions was assessed by RIA. 
Collection of blood plasma 
Mixed arterial and venous blood was collected from the caudal peduncle into 50 μΐ glass capillaries, 
heparinized with ammonium heparin. The blood was diluted 1:1 in 0.9 % (w/v) NaCl containing 2 
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mmol EDTA/1 and 100.000 KIU aprotinin/ml (Sigma). After centrifugation (10,000 g, 10 min) the 
plasma was passed through an octadecyl Bakerbond column (J.T. Baker) equilibrated with the formic 
acid/pyridin buffer. Total immunoreactive (ir)- α-MSH was eluted with 40 % 1-propanol in formic 
acid/pyridin buffer. After being dried in a Savant Speedvac concentrator, a-MSH was dissolved in 
0.05 mol HCl/1. The recovery of a-MSH after the Bakerbond column treatment was 35 ± 5 % {n 
= 8) and plasma concentrations were corrected accordingly. For determination of di-acetyl 
a-MSH/mono-acetyl a-MSH (di/mono) ratios, samples were submitted to HPLC, as described in 
detail previously (Lamers et ai, 1991). 
Exposure offish to water of low pH 
Fish were kept in 100 litre tanks of tap water. The pH of the water was gradually lowered from 7.4 
to 4.0 over a 24 h period by adding H2S04. The pH was controlled using pH-stat equipment 
(Radiometer PHM 83 + TTT 80 + ABU 80, Copenhagen, Denmark). The fish were kept at pH 4.0 
for 7 days before blood was collected. 
In-vitro superfusions 
Headkidney tissue (in which the interrenal cells reside) and the pituitary gland were dissected 
immediately after killing. The pituitary was bisected into NIL and PD (so that no PD tissue was left 
on the NIL), using a binocular microscope. Tissue thus obtained was placed on a cheese-cloth filter 
in a superfusion chamber and superfused with a Hepes-buffered (15 mM; pH 7.38) Ringer's solution 
containing NaCl (132 mM), KCl (2 mM), CaCl2.2H20 (2 mM), with 0.25 % (w/v) glucose and 0.03 
% (w/v) bovine serum albumin. Medium was pumped through the chambers at a rate of 30 μΐ/min 
by a Watson-Marlow 503U multichannel peristaltic pump (Smith and Nephew Watson-Marlow, 
Falmouth, Cornwall, U.K.). After 3 h superfusion, when the release of a-MSH and Cortisol had 
reached an apparent steady state (as determined by RIA in pilot experiments), secretagogues were 
tested. In a concentration-effect experiment, medium supplemented with human АСТЩ1-39) 
(Peninsula, 10 fM -100 nM) or di-acetyl a-MSH (1 nM - 5 μΜ) was administered to the headkidneys 
for 10 min. When testing the products released by the NIL or PD, the outflow of the NIL or PD 
superfusion chambers was switched to the chambers containing the headkidney tissue for 30 min. In 
this set-up one fish equivalent pituitary tissue was used per fish equivalent interrenal tissue (two 
headkidneys). Ten-min fractions were collected with an Iseo fraction collector; fractions were frozen 
immediately after collection and stored at -20°C until further assay. Hormone release was expressed 
in fmol/min per lobe and fmol/min per g body weight for a-MSH and Cortisol, respectively. 
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FIGURE 1 Effects of 50 nmol/1 of di-acetyl a-MSH (di-ac α-MSH, π=9), mono-acetyl a-MSH (mono-ас 
a-MSH, n=5) and des-acetyl a-MSH (des-ас a-MSH, n=7) on release of Cortisol during superfusion of 
headkidneys as a percentage of basal release. Shaded bars show the periods of administration of the 
secretagogues. Values are mean ± S.E.M. 
Immunoabsorption of a-MSH 
Cyanogen-bromide (CNBr)- activated Sephadex (Pharmacia, Woerden, The Netherlands) was coated 
with the above-mentioned anti-a-MSH serum (50 μΐ/ml gel) and subsequently blocked with 0.2 mol 
glycine/1 and 3 % (w/v) Polypep (Sigma). It was ascertained by RIA that the columns thus obtained 
extracted all ir-a-MSH from the superfusate during the length of our experiment. In control 
experiments, glycine/Polypep-blocked CNBr-activated columns were installed between the outlet of 
the NIL or PD chambers and the inlet of the headkidney chamber. 
Analysis and statistics 
Results are presented as means ± S.E.M. The concentration-effect curves were fitted using a non­
linear data analysis program (Leatherbarrow, 1987). Statistical significance of differences was 
assessed using the Mann-Whitney t/-test. 
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TABLE 1 Total or MSH and di/mono ratios in plasma in control and stressed tilapia 
Total ir-o-MSH (pM) Di/mono ratio 
Control 294 2 ± 50 9 (6) 0 34 ± 0 09 (4) 
Stressed 1012 l ' ± 44 0 (3) 0 68b± 0 07 (3) 
Total immunoreactive a MSH (ir-a-MSH) and peak area di acetylated a MSH/mono acetylated a MSH 
(di/mono) ratios in tilapia plasma from control and low pH stressed fish Values are means ± S Ε M 
with numbers of experiments shown in parentheses b P<0 0 5 , ' P < 0 01 compared with respective controls 
(Mann-Whitney {/-test) 
Results 
In stressed fish the total îr-a-MSH and the di-acetyl a-MSH/mono-acetyl a-MSH peak area 
(di/mono) ratio in blood plasma were enhanced significantly (Table 1) 
Fig 1 shows the effect of the three forms of a-MSH isolated from tilapia NILs on 
the release of Cortisol during superfusion of homologous headkidneys Di-acetyl a-MSH, 
mono-acetyl a-MSH and des-acetyl a-MSH administered for 30 min at 50 nM enhanced the 
release of Cortisol to 1309 ± 350 % (и=8), 221 ± 20 % (n=5) and 345 ± 68 % (я=6) of 
basal release respectively Basal release rates were 2 2 ± 0 2, 1 4 ± 0 2 and 2 0 ± 0 4 frnol 
cortisol/mm per g respectively 
We then compared the concentration-effect curves of АСТЩ1-39) and tilapia di-acetyl 
a-MSH (Fig 2) ACTH and tilapia di-acetyl a-MSH were administered for 10 mm The 
concentration required to obtain half-maximal stimulation (ED50) calculated for АСТЩ1-39) 
was 0 9 nM and for di-acetyl a-MSH 110 nM Under these particular experimental 
conditions di-acetyl a-MSH gave the same maximal response as АСТЩ1-39) 704 ± 1 6 0 
and 726 ± 60 % of basal respectively (P > 0 15) 
Superfusate from tilapia NILs administered for 30 mm to headkidney in superfusion 
caused a stimulation of the release of Cortisol of 190 ± 31 % (л=9) The PD superfusate 
enhanced the release of Cortisol to 515 ± 30 % (и=6) of basal release Basal values were 
2 6 ± 0 4 and 1 9 ± 0 2 fmol cortisol/min per g for NIL and PD pulses respectively and 
were designated 100 % (Fig 3). 
The headkidneys cleared 65 2 ± 3 4 % of the a-MSH from the medium, as calculated 
from the concentrations of a-MSH in the NIL superfusate entering (16 ± 1 nM, и=9) and 
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FIGURE 2. Concentration-effect curves showing maximal stimulation of Cortisol release during superfusion 
of headkidneys in response to АСТЩ1-39) (solid line) and di-acetyl MSH (broken line). Values are means 
± S.E.M.; numbers of observations are shown in parentheses. 
leaving (5 ± 1 nM, л=9) the headkidney chamber. 
The stimulation of Cortisol release as an effect of the NIL superfusate that had passed 
the unloaded column, was 191 ± 45 % of the basal release. This was not significantly 
different from 'directly' administered NIL superfusate. The corticotropic activity of the NIL 
superfusate that had passed the anti-a-MSH column had completely vanished (97.2 ± 7 . 9 
% of basal release). The effects of PD superfusates run over control and anti-a-MSH coated 
columns did not differ significantly from the effects of 'directly' administered PD superfusate 
(Fig. 4). The apparent 10 - 20 min shift in the response peak observed in experiments where 
immunoabsorbtion-columns were used, could be attributed to an increased dead volume of 
the superfusion set-up under these conditions. 
Discussion 
Four major conclusions can be drawn from the results presented. First, during exposure to 
water of low pH the total ir-a-MSH as well as the di/mono ratio in tilapia blood plasma is 
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FIGURE 3. Effects of superfusates from neurointermediate lobes (NIL) and distal lobes (PD) on release 
of Cortisol during superfusion of headkidneys as a percentage of basal release. Shaded bars show the 
period of administration. Values are means ± S.E.M. of nine and seven superfusion experiments 
respectively. 
enhanced. Secondly, three forms of a-MSH were shown to have corticotropic effects in a 
homologous assay, with di-acetyl a-MSH being about 6 times more active than mono-acetyl 
a-MSH and about 4 times higher active than des-acetyl a-MSH in а 50 nM concentration. 
Thirdly, di-acetyl a-MSH proved to be more than 100 times less potent than human 
АСТЩ1-39) in stimulating Cortisol release in vitro. Fourthly, a NIL superfusate stimulated 
Cortisol release to an extent comparable with a PD superfusate (NIL superfusate was only 
about 3 times less active than PD superfusate), although it was demonstrated that the 
corticotropic effect of the NIL superfusate was depended on the a-MSH in the superfusate. 
We have provided evidence that during exposure to water of low pH not only the total іг-α-
MSH levels but also the di/mono ratio in the blood plasma are elevated. These findings 
indicate that a-MSH is involved in adaptation to this kind of stressor, as previously reported 
for some other kinds of stressors (Malo Michele, 1980; Sumpter et al., 1986). The increase 
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FIGURE 4. Effects of superfusate from neurointermediate lobes (NIL) and distal lobes (PD) that had passed 
through control ( · ) and anti-a-MSH coated (O) cyanogen-bromid-activated Sepharose columns on the 
release of Cortisol during superfusions of headkidneys. Values are the means ± S.E.M. of the percentages 
of basal release. Unstimulated release was 1.95 ± 0.53 (я=6), 2.65 ± 0 34 (л=7), 0.86 ± 0.14 (л=5) 
and 1 09 ± 0 25 (л=7) fmol cortisol/mm per g for NIL/control, NIL/anti-a-MSH, PD/control and PD/anti-a-
MSH respectively and was defined as 100 %. 
in the di/mono ratio indicates that di-acetyl α-MSH might be of primary importance in this 
function. This in-vivo enhancement of the di/mono ratio indicates that TRH may be involved 
in the stimulation of α-MSH cells during exposure to low pH because we have previously 
reported elevated di/mono ratios by in-vitro stimulation of α-MSH release with TRH (Lamers 
et al., 1991). 
We have here shown that in a homologous bioassay using tilapia interrenal tissue, all 
three forms of α-MSH (Lamers et ai, 1991) significantly stimulated Cortisol release. 
Corticotropic effects of α-MSH (Kawauchi et al., 1984; Vinson et al., 1984; Delante et al., 
1990) and di-acetyl α-MSH (Dell et al., 1982) have been reported before in higher 
vertebrates. However, di-acetyl α-MSH proved to be the most active, with des-acetyl α-MSH 
more active than mono-acetyl α-MSH. For trout, Ranee and Baker (1981) found that des-
acetyl α-MSH was more potent than mono-acetyl α-MSH in stimulating Cortisol release in 
33 
CHAPTER 3 
vitro. The difference in these experiments was substantial. Thus, although acetylation is of 
functional significance, there is no correlation between the degree of acetylation and 
corticotropic activity. 
When tested for corticotropic potency in concentration-effect studies, the ED50 of di-
acetyl a-MSH was 123 times higher than that of АСТЩ1-39). This suggests that di-acetyl 
a-MSH (and a-MSH in general) is of no relevance for the control of Cortisol release. Indeed, 
Ranee and Baker (1981) drew this conclusion. However, this does not correspond with our 
observations on the corticotropic activity of a-MSH in a more physiological set-up. In this 
experiment, we made a serial coupling of the NIL or PD superfusion chambers and 
headkidney superfusion chambers. Unexpectedly, the NIL superfusate was only 2.7-fold less 
active than a PD superfusate. Furthermore, the PD- and NIL-superfusate produced the same 
pattern of release of Cortisol. The fact that a-MSH was cleared from the medium by the 
headkidney s during the superfusion indicates a specific binding of the peptide. To assess to 
what extent the 'NIL-effect' may be attributed to a-MSH, we selectively stripped the 
superfusate of all a-MSH by immunoabsorption: this treatment abolished the stimulatory 
effect of the NIL superfusate completely. In contrast, the same treatment did not influence 
the effect of the PD superfusate, where the stimulatory effect is attributed to ACTH. We 
therefore conclude that the corticotropic action of the NIL may be significant compared with 
that of the PD. 
What then can explain the difference between the 123-fold higher corticotropic 
potency of ACTH compared with that of purified di-acetyl a-MSH on the one hand and the 
only 2.7-fold difference in corticotropic activity of a PD- and a NIL-superfusate on the other? 
One may predict a higher release of a-MSH to the blood than of ACTH. At this time we 
have no access to a reliable assay for tilapia ACTH, but according to Sumpter et al. (1986), 
the blood plasma levels (on a molar basis) of a-MSH in trout are about tenfold higher than 
those of ACTH in vivo. Proceeding from this we predict di-acetyl a-MSH, which makes up 
25 % of the total ir-a-MSH found in the plasma of our fish, is 2.5 times more abundant than 
ACTH. Taken into account the 123-fold higher potency of ACTH compared with di-acetyl 
a-MSH and the relative amount of the peptides in vivo we are left with a factor of 123/2.5 
= 49.2. This still does not explain the only 2.7-fold lower corticotropic activity of NIL 
superfusate. We therefore tentatively conclude that a factor is co-released with a-MSH from 
the NIL which potentiates its effect. A NIL superfusate contains several other POMC-derived 
peptides released by the a-MSH cells and (glyco)peptides from the pars intermedia periodic 
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acid SchifFs positive (PIPAS) cells, the second most abundant cell type in the NIL. 
Moreover, arginine-vasotocin and serotonin released from the neural lobe are known to 
stimulate corticosteroid secretion in goldfish in vivo (Fryer and Leung, 1982) and amphibians 
in vitro (Kloas and Hanke, 1990; Delanie et al., 1988). Furthermore, one could speculate 
that the different forms of α-MSH in a cocktail potentiate each other's corticotropic activities. 
The presence and spontaneous release of ACTH from NILs in vitro have been 
reported earlier in goldfish (Tran et al., 1989). This has not been confirmed by investigations 
on the teleost Prochilodius platensis (Estivariz and Itturiza, 1985), the rainbow trout 
(Rodriques et ai, 1983) and the Australian Iungfish (Joss et al, 1990). Although only 
picomolar concentrations of ACTH would have been sufficient to stimulate Cortisol release, 
we conclude that in our experiments the corticotropic activity of the NIL superfusate was not 
due to ACTH, because the corticotropic activity was removed by an α-MSH antiserum which 
does not cross-react with tilapia ACTH and human ACTH (Van Zoest et al., 1989). 
We conclude that although di-acetyl α-MSH requires a much higher concentration 
than АСТЩ1-39) in order to obtain a similar corticotropic effect in vitro, its role in the 
pituitary-inlerrenal axis is of comparable importance to that of ACTH under physiological 
circumstances. These findings and previously published observations of stress-induced 
enhancement of α-MSH cell activity in mammals (Alexander et al., 1988; Сагг et al., 1990; 
Lookingland et al., 1991) warrant further study of the corticotropic action of di-acetyl 
α-MSH in the adaptation of fish and higher vertebrates to stress. 
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TRH STIMULATES α-MSH RELEASE DURING STRESS 
Abstract 
After exposure of tilapia for seven days to water of low pH, plasma TRH levels were 
elevated and the MSH cells in the pituitary pars intermedia had increased in size and 
showed enhanced synthetic and secretory activity. The MSH cells became more 
sensitive to TRH but not to CRH. Stimulation by TRH (but not by CRH) of the MSH 
cells of tilapia exposed to low pH specifically enhanced the release of di-acetyl a-
MSH, the most potent corticotropic form of α-MSH. Acute stress imposed by 
handling and confinement for 1 h elevated the plasma Cortisol level but did not affect 
blood plasma α-MSH levels. We conclude that stimulation by TRH is pivotal for an 
enhanced release of di-acetyl α-MSH during low pH adaptation. These results are 
further evidence for a role of TRH and α-MSH in the activation the hypothalamo-
pituitary-interrenal axis during adaptation to low pH. 
Introduction 
In previous work we have shown that the MSH cells of the pituitary gland of tilapia 
Oreochromis mossambicus synthesize three forms of α-MSH: di-acetyl, mono-acetyl and des-
acetyl α-MSH (Lamers et al., 1991). These three forms are commonly found in teleost fishes 
(Baker et al., 1984; Dores and Joss, 1988; Follenius et al., 1986a). In tilapia, only the 
acetylated forms of α-MSH are predominantly released by the cells, whereas des-acetyl a-
MSH is the preferential storage form of the hormone. The ratio of di-acetyl and mono-acetyl 
α-MSH (di/mono ratio) found in the blood plasma differs from the ratio in an extract of the 
neurointermediate lobe (NIL). This discrepancy is not a result of a difference in turnover of 
the α-MSH forms, but of a differential release. This differential release is subject to 
modulation by the stimulator TRH: TRH does not only stimulate total α-MSH release, but 
it also enhances the di/mono ratio of the released α-MSH (Lamers et al., 1991). 
In fishes (Baker et al., 1984) and other non-mammalian vertebrates (Bagnara and 
Hadley, 1973) α-MSH is best known for its effect on pigment formation and migration in the 
skin, but it has also been implicated in the control of the release of corticosteroids (Dell et 
al., 1982; Vinson et al., 1984; Lamers et al, 1992). This is an indication for a role of a-
MSH in the activation of the hypothalamus-pituitary-adrenal axis, in addition to ACTH. 
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In tilapia all three forms of a-MSH stimulate the secretion of Cortisol from interrenal 
tissue of the headkidney. However, in this corticotropic action di-acetyl a-MSH has a much 
higher intrinsic activity than mono- and des-acetyl a-MSH. The di/mono ratio, therefore, is 
a physiological indicator of the corticotropic quality of the total a-MSH released (Lamers et 
al., 1992). 
In fishes (Malo Michele et ai, 1980; Sumpter et al., 1986) as well as in mammals 
(Berkenbosch et al., 1984; Alexander et al., 1988; Carr et al., 1990) the release of α-MSH 
is enhanced during certain stressful situations. In tilapia exposed for seven days to water with 
pH 4.5 (further called "low pH tilapia") the total α-MSH level in the blood plasma is 
elevated and the in-vitro release of α-MSH is enhanced. Also the di/mono ratio of a-MSH 
in blood plasma is higher in the low pH tilapia than in control fish (Lamers et al., 1992), 
indicating that the differential release of α-MSH forms is indeed modulated in vivo when 
these fish are exposed to water of a low pH. 
On the basis of this model for the control of differential release of α-MSH forms, we 
now address the question whether, and which, regulatory peptides at the pituitary level 
mediate the stimulation of total α-MSH release and the increased di/mono ratio in the plasma 
of low pH tilapia. The release of α-MSH is under hypothalamic control: TRH is an important 
stimulator of the release of α-MSH in amphibians (Tonon et al., 1980; Lamacz et al., 1987) 
and fishes (Lamers et al., 1991; Omeljaniuk et al., 1989). Another stimulator of α-MSH 
release in mammals is CRH (Proulx-Ferland et al., 1982; Grigoriadis and De Souza, 1989). 
There is immunocytochemical evidence for the presence of CRH not only in the brain but 
also in the vicinity of the MSH cells of the NIL in some fishes (Yullis and Lederis, 1987; 
Batten et al., 1990; Olivereau and Olivereau, 1990). Also a stimulatory effect of CRH on 
the release of α-MSH has been reported in Fishes (Tran et al., 1990). Stimulatory effects of 
CRH on α-MSH release have been shown in the clawed toad Xenopus laevis (Verburg-van 
Kemenade et al., 1987c) but not in the frog Rana ridibunda (Tonon et ai, 1986). 
We here present a quantitative ultrastructural analysis of the MSH cells in the NIL, 
a biochemical evaluation of the biosynthesis of the α-MSH forms and data on the regulation 
by TRH and CRH of the α-MSH release. We compared low pH tilapia with controls in all 
these aspects. 
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Materials and methods 
Experimental animals 
Mature male tilapia, Oreochromis mossambicus, were obtained from laboratory stock. The fish were 
kept in 120 1 tanks with tap water at 26°C and pH 7.8, on a grey background. The photoperiod was 
12 h of direct illumination alternating with 12 h of darkness. The body weight of the animals ranged 
from 100 to 250 g. The fish were fed a commercial dried fish food (Trouvit, Trouw, Putten, the 
Netherlands). Feeding was stopped 24 h before starting the experiments. 
Exposure offish to acidified -water 
Fish were kept in 120 1 tanks of tap water and the pH was lowered from 7.8 to 4.5 at a constant rate 
over a 24 h period by addition of H2S04. The pH was controlled using pH-stat equipment (Radiometer 
PHM 83 + TTT 80 + ABU 80, Copenhagen, Denmark). The fish were kept at pH 4.5 for 7 days 
before experimentation. Control fish were kept in tap water of pH 7.8. Immediately after capture the 
fish were killed by spinal transection. 
Acute stress 
Fish of 200-250 g were restrained by wrapping them in a wet towel and fixing them in small 
hammocks for lh. They were kept under water and ventilation of the fish was not hampered. Within 
one min after capture and after 30 and 60 min, mixed venous and arterial blood samples were taken 
from the caudal vessels using a 23-G needle fitted to a tuberculin syringe. Plasma was prepared as 
described previously (Lamers et al., 1991), and α-MSH was measured by RIA (see below). Cortisol 
was determined in full plasma by means of a RIA for Cortisol as described previously (Lamers et al., 
1992). 
Electron microscopy and morphometry 
Freshly dissected NILs were prefixed in 3 % glutaraldehyde in 0.1 M sodium cacodylate (pH 7.4) 
for 15 min and fixed in a mixture of 3 % glutaraldehyde in 0.1 M sodium cacodylate, 2 % osmium 
tetroxide (OsO,,) and 5 % potassium dichromate (1:1:1) for 1-1.5 h. After fixation the tissues were 
stained for 1 h by 2 % uranyl acetate in H20, dehydrated in a graded ethanol series, and embedded 
in Spurr's resin. Ultrathin sections were collected on 150 mesh copper grids, stained for 5 min by 
lead citrate, and examined by means of a Jeol 100 CX II electron microscope (Wendelaar Bonga and 
Van Der Mey, 1980). 
Electron micrographs of MSH cells at a final magnification of 13,000* were analyzed 
morphometrically with Kontron Digiplan equipment to determine fractional cytoplasmic volumes of 
mitochondria, Golgi areas and gER. The sampling area per fish amounted to 500 μιη2. The cell 
41 
CHAPTER 4 
volume and the total volume of all the MSH cells per fish were determined in semi-thin (Ιμιη) serial 
sections of the NIL using a light microscope connected to an X-Y tablet and Kontron Digiplan 
equipment (for more details on these morphometrical methods see Wendelaar Bonga and Van Der 
Mey, 1980) 
In-vitro superfusions 
Freshly dissected pituitary glands were bisected into NIL and pars distalis (PD), using a fine scalpel 
blade under a binocular microscope Tissue thus obtained was placed on a cheese-cloth filter in a 
superfusion chamber (10 μΐ) and superfused with a Hepes-buffered (15 mM, pH 7 4) Ringer's 
solution containing NaCl (132 mM), KCl (2 mM), CaCl2 2H20 (2 mM), 0 25 % (w/v) glucose and 
0 03 % (w/v) bovine serum albumin This medium was kept at 26°C and pumped through the 
chambers at a rate of 30 μΐ/min by a Watson-Marlow 503U multichannel peristaltic pump (Smith and 
Nephew Watson-Marlow, Falmouth, Cornwall, U K ) After 3 h superfusion, a constant basal release 
of a-MSH was observed (Lamers et al, 1991) and from this time on secretagogues were added In 
concentration-response studies medium supplemented with ovine CRH (Bachern Feinchemicalien AG, 
Bubendorf, Switzerland, 1 nM - 1 μΜ) or TRH (Peninsula Laboratories Ine , Belmond, U K, 1 nM -
1 μΜ), was administered to the NILs for 30 mm To avoid interaction between the exogenous 
secretagogues, separate tissues were used for every concentration and every secretagogue Fifteen-min 
fractions were collected with an Iseo fraction collector Fractions were frozen immediately after 
collection and stored at -20°C until further assay The release of a-MSH was expressed in fmol/min 
per NIL 
Determination ofdi/mono ratios 
Isolated NILs were preincubated in Hepes-buffered medium as ascribed above for 2h at 26° С After 
1 h incubation the medium was collected and its α-MSH content determined to calculate the di/mono 
ratio of the basal release Subsequently the NILs were incubated in 1 ml of fresh medium containing 
either 100 nM CRH or 10 nM TRH, and after 1 h, medium was collected and the α-MSH content 
determined to calculate the di/mono ratio of the stimulated release The samples thus collected were 
subjected to HPLC analysis 
De novo synthesis experiments 
NILs from control and low pH tilapia were incubated in 100 μΐ Hepes-buffered medium described 
above containing 10 μΟ [JH]methionine, [3H]lysine and [3H]tryptophan (specific activities 70, 95 and 
26 Ci/mmol, respectively) for 2 h at 26°C After a 5 h chase period the lobes were rinsed and 
homogenized in 500 μΙ 0 1 M acetic acid The NIL extracts were centri fuged for 10 mm at 10,000g 
and the newly synthesized products were separated on HPLC 
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Separation methods 
Samples from in-vitro incubations and pulse chase experiments were submitted to the HPLC 
application of the SMART system (Pharmacia, Uppsala, Sweden). Separation was performed on a 
reversed phase column (дЯРС C2/C18SC 2.1/10, Pharmacia, Uppsala, Sweden). Products were eluted 
with a gradient of acetonitrile containing trifluoroacetic acid (TFA, 0.1 % v/v) in H 20 containing 
TFA (0.1 % v/v). The flow was 150 μΐ/min. The three forms of α-MSH eluted between 21 and 25 % 
acetonitrile (Lamers et ai, 1991). Fractions (75 μ\) were collected, dried in a Savant Speedvac 
concentrator and redissolved in HCl (0.01 M)/methanol (1:1 v/v). The α-MSH in the fractions was 
determined by RIA. 
RIAfoTa-MSH 
Concentrations of α-MSH were determined in duplicate by RIA. The antiserum was raised against 
synthetic mono-acetyl α-MSH (Sigma, M4135, St Louis, MO, U.S.A.) and characterized in our 
laboratory (Van Zoest et al., 1989). Immunocytochemical experiments showed no cross-reaction of 
the antiserum with ACTH cells in the PD of tilapia. The cross-reactivity with des-acetyl- and di-acetyl 
α-MSH was 100 %, with АСТЩ1-24) and ACTH(l-39) less than 0.5 %. The antiserum was used 
in a final dilution of 1:60,000. The α-MSH was labelled with ,23I (Amersham International pic, 
Amersham, Bucks, U.K.) with the iodogen method (Salacinsky et al, 1981) and purified through 
solid phase extraction (octadecyl Bakerbond column; J.T. Baker, Phillipsburg, NJ, U.S.A.). Bound 
and free 12!I-a-MSH were separated by polyethylene glycol precipitation of the immunocomplex. The 
detection limit of the assay was 6 fmol. The interassay variation in these experiments was 11 ± 3 % 
and the intra-assay variation 5 ± 2 % (л = 8). 
RIA for TRH 
Blood plasma TRH levels were determined using a specific RIA for TRH (Visser and Klootwijk, 
1981). To 1 volume of blood, 4 volumes of ice-cold ethanol were added and the mixture was shaken 
and centrifuged. The supernatant was dried in a Savant Speedvac concentrator and stored at -80°C 
until further assay. 
Data analysis and statistics 
Results are presented as means ± S.E.M. The effect of a secretagogue on α-MSH release was 
calculated by determining the areas under the curves of the immunochromatographs. The data of the 
concentration response studies were best fitted to the equation: 
R = ((Ro + U * 10CEC50) / (10CECJ0 + 1), 
where R = response of the MSH tissue, С = concentration of secretagogue, Ro = basal, unstimulated 
release rate, R^,, = maximum level of stimulation and, ECJQ = concentration giving 50 % of the 
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maximum response. A non-linear data analysis program describing a sigmoid curve (Leatherbarrow, 
1987) was used. This software package allows to determine 3 parameters from 4 data points (degrees 
of freedom = 1). The software also gives standard errors (SE) for the parameters. These were all 
smaller than 10% of the parameter value, except one that was smaller than 20%. The curves were 
also submitted to the imcomplete gamma function test (Press et al., 1986), a non-linear regression 
analysis program, designed to determine whether the right model has been used to describe the data 
set. This program calculates the probability function Q from the reduced chi square (also given by 
the software) and the degrees of freedom. Q depicts the probability that the discrepancies between 
data set and the model are chance fluctuations. This means that the lower the value of Q, the higher 
the probability that the model used is wrong. Q> 0.001 is commonly taken to indicate statistical 
significance. The values for Q in our curves are between 0.67 and 0.99 and therefore the method of 
analyzing our data is considered valid. 
With respect to the other data, statistical significance of differences was assessed using the 
Student's i-test or the Mann-Whitney [/-test where appropriate. Ρ < 0.05 was taken to indicate 
statistical significance. 
Results 
MSH cell morphometries 
Fig. 1 shows representative electron micrographs of the MSH cells in control and low pH 
tilapia. Characteristics of the MSH cell of low pH tilapia are an extended gER and Golgi area 
and an increased abundance of mitochondria. Moreover, the incidence of the granules of the 
MSH cells had decreased, and the electron density of the granules increased in low pH 
tilapia. Morphometrical analysis (Table 1) showed that both the volumes of the MSH cell and 
total volume of all MSH cells per fish, had increased significantly in low pH tilapia when 
compared to control fish. The calculated number of MSH cells per lobe was not significantly 
different: 16,558 ± 2,862 vs 16,151 ± 2,453 cells/lobe in control and low pH tilapia, 
respectively (л=6). The fractional volumes of mitochondria, Golgi areas and gER in MSH 
cells of low pH tilapia were significantly higher than those of control fish. 
In-vitro superfusion 
In NILs of low pH tilapia the basal release of a-MSH (43.7 ± 9.9 fmol/min) was nearly 3-
fold and significantly (P<0.01) higher than that of control NILs (15.1 ± 5.2 fmol/min). 
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FIGURE 1 Electron micrographs of (a) control fish (pH 7.8) and (b) fish exposed to water of pH 4.5 for 
7 days, showing MSH cells in the NILs; gER, granular endoplasmatic reticulum; Ga, Golgi area; m, 
mitochondrium; nl, axon profiles in a process of the neural lobe that penetrates the pars intermedia; bars 
represent 1 μια. 
To determine the maximum level of stimulation and the sensitivity (EC50) of the tissue 
to the secretagogues tested we fitted our data to the function described in materials and 
methods. 
CRH stimulated the α-MSH release in a concentration-dependent manner in NILs of 
both control and low pH tilapia. The maximum levels of stimulation were about 300 % and 
500 % of basal release, respectively, and these values differed significantly (P< 0.001). The 
EC50 values for CRH were not significantly different: 10
8 0
 M and 10"7 8 M, respectively (Fig. 
2), indicating no change in sensitivity of the tissue for CRH. 
TRH stimulated the release of α-MSH in a concentration-dependent way. In controls 
the maximal level of stimulation was about 300 % of basal release and the EC50 was IO"
68
 M. 
In the NILs of low pH tilapia, TRH evoked a maximal stimulation of about 500 % of basal 
release, which was significantly higher than in controls (P<0.001) and an ED50 of IO 7 9 M, 
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TALBE 1. Effect of low pH stress on MSH cell parameters 
control low pH 
total MSH cell volume 255 ± 32 428*± 53 
per fish (/im'xIO4) 
MSH cell volume (/im') 154 ± 9 265"± 9 
mitochondria (vol. %) 2.22 ± 0.06 2.65"± 0.05 
Golgi (vol.%) 2.34 ± 0.13 4.94b± 0.17 
gER(vol.%) 11.15 ± 0.85 16.304 0.71 
Effect of exposure for 7 days to water of pH 4.5 on the total volume of the MSH cell mass per fish, on 
the volume of individual cells, and the fractional cytoplasmatic volumes of mitochondria, Golgi area and 
granular endoplasmatic reticulum (gER). (Means ± S.E.M. of 6 fish per group). " p<0.05 compared to 
controls; b p<0.01 compared to controls (Student's /-test). 
which indicates a 12.6-fold increase in sensitivity for TRH of this tissue (Fig. 3; P<0.01). 
The maximum stimulation obtained with CRH did not differ from that obtained with TRH. 
Di/mono ratios ofa-MSH 
The di/mono ratio of the de-novo synthesized a-MSH in NILs of low pH tilapia was 
1.06 ± 0.10 (я=9). This was higher, but not significantly, than in control NILs: 
0.81 ± 0.05 (л = 8). 
The di/mono ratios of the released a-MSH are shown in Table 2. The basal 
(unstimulated) release of a-MSH by low pH tilapia NILs was characterized by a significantly 
higher di/mono ratio than that of the a-MSH released by controls. TRH elevated the di/mono 
ratios in control as well as in low pH tilapia, whereas CRH had no effect. 
Acute stress 
The total a-MSH level in the blood plasma of the tilapia stressed by handling and 
confinement was 155.4 ± 38.5 pM, immediately after capture. After 30 and 60 min the a-
MSH levels were 106.0 ± 21.6 and 126.5 ± 32.5 pM respectively (л=6). Thus, no 
significant changes in a-MSH levels occurred during this one hour period of acute handling 
stress. However, Cortisol levels had increased significantly (P< 0.001) from 96 ± 15 nM to 
1951 ± 506 after 30 min and to 1686 ± 722 nM after 60 min, respectively (n=6). 
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TABLE 2. Di/mono ratios of α-MSH in controls and low pH stressed fish 
controls low pH 
Basal release 0.55" ± 0.03 (8) 0.75'± 0.02 (8) 
TRH stimulated release 0.75 M ± 0.08 (6) 1.10 e! 0.12 (7) 
CRH stimulated release 0.56 ± 0.02 (5) 0.72 ± 0.01 (5) 
Effect of exposure for 7 days to water of pH 4.5 on the di/mono ratios (peak area ratio of di-acetyl a-
MSH over mono-acetyl α-MSH) of α-MSH released by NILs, under unstimulated (basal) and TRH and 
CRH stimulated conditions. Values are means + S.E.M. Number of observations are indicated in 
parentheses. "p<0.01 compared to control values; b p<0.05 compared to control basal release; c p < 0 . 0 1 
compared to low pH basal release (Mann-Whitney [/-test). d data obtained from Lamers et al. (1991). 
Plasma TRH levels 
The plasma TRH levels were 293 ± 2 1 pM in the control fish and 361 ± 7 pM in low pH 
tilapia (P< 0.05, и = 12) 
Discussion 
General conclusions 
The MSH cells of low pH tilapia are more active than the MSH cells of control animals. This 
is concluded from the larger individual and total cell volume and the higher fractional 
volumes of cell organelles involved in the synthesis of α-MSH in the MSH cells of the low 
pH tilapia. De-novo synthesis experiments revealed that not the synthesis but the release of 
di-ac α-MSH, the most active corticotropic form of α-MSH, is more enhanced than that of 
the other forms of α-MSH. 
TRH and CRH both stimulated the release of α-MSH from the MSH cells of control 
and low pH tilapia in a concentration dependent manner. For both secretagogues, the 
maximum stimulation was higher in the low pH tilapia and appeared to be related to the total 
MSH cell volume. However, the α-MSH cells became more sensitive to TRH during low pH 
adaptation, as was indicated by a 12.6-fold lower EC50 value. The sensitivity of the MSH 
cells to CRH remained unchanged. TRH, but not CRH, enhanced the di/mono ratio of the 
α-MSH released from NILs of both control and low pH tilapia. 
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FIGURE 2. The release of a-MSH in response to different concentrations of CRH (тот superfused control 
NILs (solid line) and NILs from fish exposed to water of pH 4 5 (broken line). Values are means ± 
S Ε M ; number of observations for every point is 6-8. 
MSH cell activity and total immunoreactive a-MSH 
A 7-days exposure of tilapia to water of pH 4.5 enhanced the secretory activity of MSH cells 
as shown by morphometrical analysis. Concomitantly, the total mass of MSH cells had 
increased by 50 %. Also the volume of the individual MSH cells had increased by 50 % and, 
therefore, the increase in the MSH cell mass resulted from hypertrophy rather than from 
proliferation. The lower content of secretory granules in the MSH cells of the low pH tilapia 
indicated a higher rate of release from these cells (Carr et al., 1990). Our conclusion of an 
enhanced secretory activity of the MSH cells in low pH fish was further substantiated by the 
threefold increase of the a-MSH release in vitro by NILs freshly isolated from low pH fish 
compared to controls, and this observation was consistent with earlier findings of enhanced 
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plasma α-MSH levels in low pH tilapia (Lamers et al., 1992). 
Regulation 
The question arises then what hypothalamic factors control the enhanced total α-MSH release 
and the increased di/mono ratio in the blood of fish exposed to low pH. As TRH and CRH 
are known to stimulate release of α-MSH (Lamers et al., 1991; Omeljaniuk et al., 1989; 
Tran et al., 1990), we analyzed the action of these secretogogues. 
TRH and CRH stimulated the release of α-MSH from NILs of control fish in a 
concentration-dependent manner to a similar maximum, indicating that the rate of α-MSH 
release in vitro was determined by the MSH cell mass, rather than by the type of 
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secretogogue. For both secretogogues the maximum a-MSH release had increased about 
twofold in low pH tilapia, which we explain by the 50 % hypertrophy of the total volume 
of the MSH cells as well as the enhanced activity of the cells. The sensitivity of the NILs to 
CRH did not change when the fish were exposed to low pH. However, the sensitivity to TRH 
increased 12.6-fold in NILs of low pH tilapia. It thus appears that the MSH cells of these 
fish became more sensitive to TRH, but not to CRH. At this moment we can only speculate 
on the mechanisms underlying these effects. The 7-days low pH exposure may have altered 
the TRH-receptor make-up of the MSH cells and may have increased affinity of this TRH 
receptor, or it may have stimulated the efficacy of the signal transduction system in the cell. 
In the latter case, the lack of sensitisation for CRH may have been caused by a negative 
feedback effect of elevated Cortisol levels that are observed during low pH stress (Chapter 
5). We conclude that TRH, but not CRH, is involved in the specific stimulation of the total 
a-MSH release during adaptation to low pH. This is consistent with the higher blood plasma 
levels of TRH. 
Preferential release ofdi-ac a-MSH 
Three lines of evidence lead us to conclude that in low pH tilapia di-acetyl a-MSH is а 
preferentially released form of a-MSH and that TRH specifically regulates this release. First, 
the basal, unstimulated release from freshly dissected NILs of low pH tilapia showed an 
increase in di/mono ratio. Second, in control fish TRH enhanced the di/mono ratio, whereas 
CRH did not. In superfusion experiments with NILs of low pH tilapia, TRH was the only 
stimulator to enhance the di/mono ratio of the released a-MSH. Apparently TRH stimulated 
the differential release of di-acetyl a-MSH. Although de-novo synthesis experiments revealed 
that during exposure to water of low pH the di/mono ratio of newly synthesized a-MSH in 
the NIL tended to be higher, this enhancement was not statistically significant. Although 
synthesis and release of total a-MSH is enhanced in low pH tilapia, only in the released a-
MSH a shift in di/mono ratio was observed, indicating a higher corticotropic activity of the 
released a-MSH. We conclude therefore that the acetylation machinery of the MSH cells 
becomes activated in the process of release, when stimulated by TRH. Acetylation of a-MSH 
is of functional significance, because di-acetyl a-MSH has a much higher corticotropic 
potency than mono- and des-acetyl a-MSH (Lamers et al., 1992). This means that the 
Cortisol release-stimulating activity of the secreted a-MSH increases when its di/mono ratio 
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increases. Third, plasma TRH levels in the blood of low pH tilapia were elevated compared 
to control fish. 
There is further evidence that the above mentioned effects of TRH are part of a TRH-
a-MSH-cortisol axis. We have used the acidification of the ambient water of the fish as a 
stress model. Low water pH disturbs osmoregulatory mechanisms (McDonald, 1983). The 
tilapia 0. mossambicus can cope very well with a low water pH as a stressor (Wendelaar 
Bonga et al., 1984). The physiological response to low water pH involves endocrine 
responses in which prolactin and Cortisol play a dominant role (Wendelaar Bonga and Balm, 
1989). Recently we have shown that α-MSH levels and more specifically di-acetyl α-MSH 
levels of the blood plasma are elevated in low-pH exposed tilapia and that α-MSH, and more 
specifically its di-acetylated form, stimulates the release of Cortisol (Lamers et al., 1992). 
The function of the stimulated α-MSH release likely is the stimulation of the secretion of 
Cortisol by the interrenal cells under low pH conditions. We therefore conclude that there is 
a specific endocrine response to low pH in tilapia: the activation of an afferent pathway in 
the hypothalamo-pituitary-interrenal axis, with TRH and di-acetyl α-MSH governing the 
control of Cortisol release from the interrenal tissue. This might represent an alternative to 
the well known ACTH-induced activation of the interrenal tissue. 
In order to assess whether different kinds of stressors may preferentially result in the 
activation of different pathways within the hypothalamo-pituitary-adrenal axis of the 
vertebrates, we consulted the literature. For mammals there are indications for an enhanced 
release of α-MSH during acute emotional stress, as caused by restraint (Berkenbosch et al., 
1984), immobilisation (Kvetnansky et al., 1987) and isolation (Alexander et al., 1988). 
However, in these cases ACTH levels were elevated as well. Also short-term physical stress 
induced by handling or exposure to ether or formalin is accompanied by ACTH elevation in 
mammals (Berkenbosh et al., 1984; Usategui et al., 1976). In fishes handling and 
confinement evoke an ACTH surge (Pickering et al., 1986; Sumpter et al., 1986). On the 
other hand, the involvement of α-MSH is not always evident: α-MSH levels become 
transiently elevated in some cases (Usategui et al., 1976; Sumpter et al., 1985, 1986) or 
remain unaffected (Moriarty et al., 1975). When we stressed tilapia for one hour by handling 
and confinement, α-MSH levels remained similar to control levels (Lamers et al., 1991), 
although the fish apparently were severely stressed as judged from the increased Cortisol 
levels measured in the same blood samples. In mammals the circulating ACTH levels 
generally did not remain elevated during chronic stress (Harbuz and Lightman, 1992) and in 
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rats exposed to repeated swimming, the POMC system of the MSH cells was specifically 
activated - as measured by the release of pars intermedia POMC-derived N-acetyl ß-
endorphin - but not that of the ACTH cells (Young, 1990). Also after prolonged physical 
stress in fish, as induced by sound, low water pH or exposure of stenohaline marine fishes 
to decreasing salinity, MSH cells became clearly activated and the release of or-MSH was 
enhanced (Lamers et al., 1992; Malo Michele, 1975, 1979) whereas ACTH cells were not 
activated (Malo Michele, 1979). 
Perspectives 
The observations above indicate that ACTH secretion is enhanced during acute stress and that 
ACTH may be of less importance in chronic stress responses. This conclusion is supported 
by the observation in rats of desensitisation of the ACTH cells to repeated pulses of CRH 
or arginine vasopressin (Evans et ai, 1988). Conversely, MSH cells do not appear to loose 
their sensitivity to stimulators: in frogs repeated stimulation of MSH cells by TRH did not 
affect the a-MSH response (Tonon et al., 1980; Lamacz et al., 1987). Similar results were 
found in fish NILs when we repeatedly stimulated tilapia NILs with CRH and TRH (data not 
shown). We therefore suggest that the stimulation of Cortisol release through TRH and a-
MSH is an alternative pathway in the hypothalamo-pituitary-interrenal axis in tilapia. This 
pathway is specifically regulated by TRH. Whereas CRH and ACTH may be preferentially 
involved in acute stress, the TRH-a-MSH pathway of the hypothalamo-pituitary-interrenal 
axis may be more important in chronic stress. Previously, Pickering et al. (1986) suggested 
a role for a-MSH in long term stress adaptation for brown trout. Exposure to acid water 
provides an accurately defined stress and may be applied for prolonged times and therefore 
provides a very good model for chronic stress. The activation of the TRH-a-MSH pathway 
seen in fish exposed to acid water may have an analogue in higher vertebrates that show 
elevated a-MSH levels during chronic and emotional stress. 
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Cortisol Feedback on stimulated a-MSH release in 
tilapia is reduced by chronic stress 
With: G. Flik, P.J. ter Brugge and S.E. Wendelaar Bonga 
Americal Journal of Physiology, submitted 

CORTISOL FEEDBACK ON α-MSH RELEASE 
Abstract. 
The POMC-derived peptide α-MSH plays a major role in the adaptation of tilapia 
(Oreochromis mossambicus) to acid water. In this fish, α-MSH is a corticotrope 
under stimulatory control of hypothalamic TRH and CRH. The feedback of Cortisol 
on the MSH cell would be another indication for a role for α-MSH in a second 
pathway in the hypothalamo-pituitary-interrenal axis in long term stress. We 
addressed the feedback of the end product of the HPI axis, Cortisol, on CRH- and 
TRH- controlled release of α-MSH. Cortisol (2.8 μΜ), added in vitro, did not affect 
the sensitivity to TRH but decreased the sensitivity of the α-MSH producing tissue 
to CRH 12-fold. MSH cells from fish that were exposed to acid water for 7 days did 
not show a desensitization to CRH or TRH as an effect of Cortisol administration in 
vitro. In fish fed Cortisol containing food for 6 days, plasma Cortisol levels, 
determined 16h after the last meal, rose from 0.1 nM to 12 nM and the TRH 
stimulated release of α-MSH decreased about 10 times. The sensitivity of the α-MSH 
secreting tissue of these fish for CRH decreased more than 100-fold compared to 
untreated controls. We conclude that the CRH-stimulated α-MSH release is reduced 
by Cortisol in a fast (administered in vitro) and a slow (administered in vivo) fashion. 
The TRH-stimulated release could only be attenuated by Cortisol in a slow fashion. 
The adaptation to acid water reduces the direct feedback effect of Cortisol on the 
CRH-stimulated α-MSH release. We conclude that the feedback of Cortisol on a-
MSH release in many aspects resembles the steroid feedback on mammalian ACTH 
release. 
Introduction 
The regulatory peptide α-MSH derives its name from its melanotropic action in some aquatic 
vertebrates (Bagnara and Hadley, 1973). Our previous studies have revealed that α-MSH 
plays a role in the adaptation to acid water in the tilapia Oreochromis mossambicus: in low-
pH stressed fish MSH cells in the intermediate lobe of the pituitary are enlarged and 
activated (Lamers et al., 1994) and α-MSH levels in blood plasma are elevated. Also, the 
in-vitro release of α-MSH is enhanced in low pH stressed fish (Lamers et al., 1992). 
The most important phenomenon in the process of adaptation to stressors in 
vertebrates is the activation of the hypothalamo-pituitary-adrenal (ΗΡΑ) axis (see recent 
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review by Chrousos and Gold, 1992). CRH from hypothalamic origin stimulates the release 
of ACTH from the pituitary pars distalis. ACTH stimulates the release and synthesis of 
glucocorticoids by the corticosteroid producing cells in the adrenal gland. Glucocorticoids 
in tum have a negative feedback effect on the axis. The feedback of corticosteroids on ACTH 
release takes place in three sequential time domains: fast, intermediate and slow (Keller-
Wood and Dallman, 1984). In the fast and intermediate time domains (seconds to hours) 
glucocorticoids inhibit the release of CRH and the CRH-stimulated release of ACTH from 
the pituitary (for reviews, see Meaney et al., 1993; Dallman, 1993). In the slow time 
domain, glucocorticoids inhibit the POMC-gene expression in the distal lobe of the rat 
pituitary gland via a glucocorticoid receptor (Drouin et al., 1989). 
In fish a similar ΗΡΑ axis has been identified (Freyer et ai, 1984; Schreck, 1982; 
Olivereau and Olivereau, 1989). However, because the fish adrenal analogue is referred to 
as interrenal tissue, in fish the ΗΡΑ-axis is called HPI-axis. Cortisol is its main end product, 
which has both gluco- and mineralocorticoid actions (Dharmamba, 1979). We have proposed 
a role for a-MSH in the HPI axis in tilapia: when the fish is exposed to acid water, a-MSH 
release from the pituitary intermediate lobe is enhanced; the secretion of a-MSH is under 
control of the hypothalamic factors CRH, TRH and dopamine. Although a-MSH has a lower 
corticotropic potency than ACTH, it stimulates the release of Cortisol from the interrenal 
tissue (Lamers et al., 1992). We have suggested this "a-MSH-pathway" to be an alternative 
pathway in a complex HPI axis. TRH appeared to be more important in this a-MSH-pathway 
than CRH, because in low-pH stressed fish the sensitivity of the MSH cells to the stimulator 
TRH, is enhanced compared to controls. No such effect was observed for CRH (Lamers et 
al., 1994). 
In general, feedback effects of corticosteroids on the release of a-MSH have been 
studied less extensively than those on ACTH release. Mostly in-vivo effects of surgical and 
pharmacological adrenalectomy on MSH cell morphology or on POMC transcription in these 
cells have been reported in mammals (Schachter et al., 1982; Suda et al., 1984) and fish 
(Olivereau and Olivereau, 1989). In the present study we show that Cortisol has a negative 
feedback effect on the CRH stimulated release of a-MSH in tilapia. We address the question 
whether a negative feedback of Cortisol underlies the lack of sensitization of the a-MSH 
producing cells to CRH (Lamers et al., 1994). We assessed the effect of Cortisol on the basal 
release of a-MSH as well as on the TRH and CRH controlled release of a-MSH. We further 
examined fast feedback effects of Cortisol added to the medium in superfusion experiments, 
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Ih before a secretogogue pulse, and subsequently investigated the effect of adaptation to acid 
water on such a fast feedback effect of Cortisol. We finally report on the slow feedback 
effects of Cortisol, by feeding the animals cortisol-containing food for 6 days. 
Materials and methods 
Experimental animals 
Mature male tilapia, Oreochromis mossambicus, were obtained from laboratory stock. The fish were 
kept in 120 1 tanks with tap water at 26°C and pH 7.8, on a grey background. The photoregime was 
12 h of direct illumination alternating with 12 h of darkness. The body weight of the animals ranged 
from 200 to 250 g. The fish were fed a dried fish food (Trouvit, Trouw, Putten, the Netherlands) 
twice daily, at a ratio of 2 % of the body weight. Feeding was stopped 24 h before an experiment. 
Exposure offish to acidified water 
Fish were kept in 120 1 tanks with tap water and the pH was lowered from 7.8 to 4.S at a constant 
rate over a 24 h period by addition of H2S04. The pH was controlled using pH-stat equipment 
(Radiometer PHM 83 + TTT 80 + ABU 80, Copenhagen, Denmark). The fish were kept at pH 4.5 
for 7 days before experimentation. Control fish were kept in tap water of pH 7.8. Immediately after 
capture the fish were killed by spinal transection. 
Cortisol administration in vivo 
Cortisol (250 mg/kg food) was dissolved in ethanol and added to the dried fish food pellets. After the 
ethanol had been evaporated the pellets were fed to the fish at a ration of 2 % of the body weight per 
feeding. The fish were fed twice daily for 6 days (for more details see Pickering and Duston, 1983). 
Determination of Cortisol in plasma 
To prevent a rise in plasma Cortisol by the netting procedure, four fish (for one experiment) were 
captured in one catch and blood was sampled simultaneously from all four fish within 30 s after 
capture. Mixed venous and arterial blood samples were taken from the caudal vessels using a 23-G 
needle fitted to a tuberculin syringe. After centrifugation, the plasma was collected and diluted 30 
times with water before assay. Concentrations of Cortisol were determined in duplicate in an RIA for 
Cortisol as described previously (Lamers et al., 1992). The Cortisol antiserum (anti-cortisol-3-[CMO] 
HSA) was purchased from Steranti Research Ltd. (St. Albans, U.K.). The final dilution was 1:6,800. 
'H-labelled Cortisol was from Amersham International pic (Amersham, U.K.). Bound and free Cortisol 
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FIGURE 1 The release of α-MSH from 
superfused control NILs in response to different 
concentrations of CRH ( · ) , NILs exposed to 
Cortisol m vitro (O) and NILs from cortisol-fed 
tilapia (A) Values are means ± S Ε M (л=5-
6) 
FIGURE 2 The release of a-MSH from 
superfused control NILs in response to different 
concentrations of TRH ( · ) , NILs exposed to 
Cortisol m vitro (O) and NILs from cortisol-fed 
tilapia (A) Values are means ± S Ε M (л=5-
7) 
were separated by precipitation of the immunocomplex with Sac-Cel (IDS Ltd, Boldon, Tyne 
andWear, U K ) during a 1 h contact time and 5 nun centnfugation (9,000 g) The interassay 
variation was 9 ± 3 % and the intra-assay variation 7 ± 2 % (n=8) 
In-vitro superfusions 
Freshly dissected pituitary glands were bisected into neurointermediate lobe (NIL) and pars distahs 
(PD), using a fine scalpel blade under a binocular microscope Tissues were placed on a cheese-cloth 
filter in a superfusion chamber and superfused with a Hepes-buffered (15 mM, pH 7 38) Ringer's 
solution containing NaCl (132 mM), KCl (2 mM), CaCl2 2H 2 0 (2 mM), glucose (0 25 %, w/v) and 
bovine serum albumin (0 03 %, w/v) This medium was kept at 26°C and pumped through the 
chambers at a rate of 30 μΐ/min by a Watson-Marlow 503U multichannel peristaltic pump (Smith and 
Nephew Watson-Marlow, Falmouth, Cornwall, U К ) After 3 h superfusion, a constant basal release 
of a-MSH was observed (Lamers et al, 1991) In concentration-effect studies medium supplemented 
with TRH or CRH (Sigma, St Louis, MO, U S A . I n M - 1 μΜ) was administered to the NILs for 
30 mm To avoid interactions between the secretagogue pulses, separate tissues were used for every 
concentration and secretagogue In the in-vitro Cortisol administration experiments, 2 8 μΜ Cortisol 
58 
CORTISOL FEEDBACK ON α-MSH RELEASE 
was added to the medium 1 5 h before and throughout the secretagogue pulse Теп-nun fractions were 
collected with an Iseo fraction collector Fractions were frozen immediately after collection and stored 
at -20°C until further assay The release of α-MSH was expressed in % of basal release. 
RIAfora-MSH 
Concentrations of α-MSH were determined m duplicate by RIA. The antiserum was raised against 
synthetic mono-acetyl α-MSH (Sigma, M4135, St Louis, MO, U.S A ) and characterized in our 
laboratory (Lamers et al, 1992) Immunocytochemical experiments showed no cross-reaction of the 
antiserum (lowest dillution 1 250) with ACTH cells in the PD of tilapia. The cross-reactivity with des-
acetyl- and di-acetyl α-MSH was 100 % and with ACTH(l-24) and ACTH(l-39) less than 0 5 % 
The antiserum was used in a final dilution of 1 60,000 The α-MSH was labelled with ,23I (Amersham 
International pic, Amersham, Bucks, U.K ) with the ìodogen method (Salacinsky et al, 1981) and 
purified through solid phase extraction (octadecyl Bakerbond column, J Τ Baker, Phillipsburg, NJ, 
U S A ) . Bound and free labelled α-MSH were separated by polyethylene glycol precipitation of the 
ïmmunocomplex The detection limit of the assay was 6 fmol The interassay variation in these 
experiments was 11 ± 3 % and the intra-assay variation 5 ± 2 % (n = 8) 
Data analysis and statistics 
Results are presented as means ± S E M The effect of a secretagogue on α-MSH release was 
calculated by determining the areas under the curves of the immunochromatographs ECSOs were 
calculated as described in detail previously (Lamers et al, 1994) Statistical significance of differences 
was assessed using the Mann-Whitney (/-test P<0 05 was taken to indicate significance 
Results 
The basal release of α-MSH of the non-cortisol-fed fish was 127 ± 22 fmol/min/NIL (n= 14) 
in the controls and was not altered by Cortisol administration in vitro (132 ± 31 
fmol/min/NIL, n= 11). When Cortisol was fed to the fish for 6 days, again the basal pituitary 
α-MSH release in vitro (122 ± 10 fmol/min/NIL; /i = 19) was not different from non-cortisol 
fed fish 
Fig. 1 shows the CRH concentration-effect curves for control NILs, NILs exposed 
to 2.8 μΜ Cortisol in vitro, and NILs from cortisol-fed fish. In all NILs CRH stimulated a-
MSH release in a concentration-dependent manner The curves of NILs exposed to Cortisol 
in vitro and of NILs from cortisol-fed animals, however, had shifted to the right compared 
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TABLE 1. Sensitivities of MSH cells of control fish to CRH and TRH under Cortisol administration 
Neutral pH 
controls 
Cortisol 
in vitro 
Cortisol 
fed 
The effect of Cortisol in vivo and in vitro on the sensitivity (sens) of α MSH producing tissue to TRH and 
CRH. a : f<0.05; Ь:Я<0.01, compared with controls (л=5). 
plasma 
Cortisol 
(nM) 
0.1 ± 0.04 
0.1 ± 0.04 
11.8 ± 1.5 
medium 
Cortisol 
(nM) 
-
2800 
_ 
CRH sens 
EC50 
(-log M) 
7.9 ± 0 . 1 
6.8*±0.1 
5.7b± 0.6 
TRH sens 
EC50 
(-log M) 
7.3 ± 0.4 
7.7 ± 0.3 
6.4a± 0.3 
TABLE 2. Sensitivities of MSH cells of acid stressed fish to CRH and TRH under Cortisol administration 
Acid stressed 
plasma 
Cortisol 
(nM) 
medium 
Cortisol 
(nM) 
CRH sens 
EC50 
(log M) 
TRH sens 
EC50 
(-log M) 
controls 2.5 ± 0.9 7.4 ± 0.1 8.1 ± 0.3 
Cortisol 
in vitro 
2.5 ± 0.9 2800 7.6 ± 0.3 7.9 ± 0.1 
The effect of Cortisol in vitro on the sensitivity (sens) of a-MSH producing tissue of acid stressed fish to 
TRH and CRH. 
to the curve of control NILs, indicating a decreased sensitivity to CRH. In Fig. 2 the TRH 
concentration-effect curves for control NILs and NILs exposed to Cortisol in vitro are shown. 
Cortisol in vitro did not affect the TRH sensitivity of the tissue. Table 1 summarizes the 
numerical parameters derived from the concentration-effect curves, as well as the Cortisol 
values of plasma and superfusion medium. 
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FIGURE 3. The release of α-MSH from NILs 
of low-pH tilapia ( · ) and from NILs of low-
pH fish exposed to 2.8 μΜ Cortisol in vitro 
(O), in response to different concentrations of 
CRH. Values are means ± S.E.M. (n=5-6). 
FIGURE 4. The release of α-MSH from NILs 
of low-pH tilapia ( · ) and from NILs of low-
pH fish exposed to 2.8 μΜ Cortisol in vitro 
(O), in response to different concentrations of 
TRH. Values are means ± S.E.M, (n=6). 
In Figs 3 and 4, the CRH and TRH concentration-effect curves for NILs from low-pH 
exposed fish are shown. The concentration-effect curves for both TRH and CRH of low-
pHexposed did not differ from the curves of low-pH exposed when Cortisol (2.8 μΜ) was 
administered to NILs in vitro. 
The EC50 values calculated from the concentration effect curves of low-pH exposed 
NILs as well as the Cortisol levels in the blood of low-pH exposed fish is shown in Table 2. 
Discussion 
Major findings 
1) Cortisol adminstered either in vivo or in vitro had no effect on the basal secretion rate of 
α-MSH. 
2) Cortisol had no effect on TRH-stimulated release of α-MSH but exerted a fast negative 
feedback on the CRH stimulated α-MSH release. 
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3) The fast feedback effect of Cortisol on the CRH stimulated a-MSH release disappeared in 
tissue from fish adapted to low-pH water. 
4) Long-term in-vivo administration of Cortisol showed a negative feedback effect on TRH-
stimulated a-MSH release. It desensitized the NIL tissue to CRH-stimulation. This effect was 
much stronger than that in the case of fast feedback by in-vitro administration of Cortisol. 
Cortisol in vitro: fast feedback effects 
Cortisol administration in the superfusion medium had no effect on the unstimulated release 
of a-MSH. In this respect, the MSH cell resembles the vertebrate ACTH cell, for which it 
has been described that the in-vitro basal release was not affected by glucocorticoids, nor in 
the fast nor in the slow feedback time domain (Keller-Wood and Dallman, 1984). NILs from 
control fish exposed to Cortisol in vitro showed no change in the sensitivity for TRH. 
However, Cortisol in vitro decreased the CRH-stimulated release of a-MSH. The fast 
negative feedback effect of Cortisol on the CRH-stimulated a-MSH release in vitro is 
probably a direct effect at the CRH receptor level, resulting in a lower affinity for CRH. 
Such feedback effects of corticosteroids, directly via CRH receptors, have also been 
described for mammals (Dave and Eskay, 1986). The rapid decrease of second messenger 
responses observed by Nicholson and Gillman (1989) in CRH-stimulated ACTH cells as a 
result of acute in-vitro corticosteroid exposure, also supports our interpretation that such 
feedback may occur at the level of the CRH receptor on the MSH cell. Apparently, the TRH 
receptor is not sensitive to this action of Cortisol. 
Effects of low-pH exposure 
The decrease in EC50 for CRH of MSH cells exposed in vitro to Cortisol that was observed 
for tissue of control fish, was not found for MSH cells of fish exposed to acid water. A 
similar attenuated feedback effect was also reported for ACTH cells of mammals exposed 
to long term stressors (Dallman et al., 1992). This effect was explained by a stress-induced 
activation of the second messenger system that compensates for the decreased number of 
operating CRH receptors as a result of negative glucocorticosteroid feedback (Morrill et al., 
1993). The shift of the EC50 for TRH in low-pH adapted tilapia confirms an earlier report 
(Lamers et al., 1994) and indicates an increased sensitivity of the a-MSH secreting tissue 
for TRH in acid exposed fish. The EC50 for CRH did not change as a result of low-pH 
exposure. In our experimental setup with NILs in superfusion we cannot exclude that this is 
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a net effect as a result of the hyperplasia and increased activity of the cells in combination 
with an decreased CRH receptor sensitivity. 
Cortisol in vivo: slow feedback effects 
By feeding fish cortisol-containing food for 6 days, a plasma Cortisol level is observed similar 
to that of acutely stressed animals (Lamers et al., 1994), but the basal release of α-MSH in 
vitro appeared unaltered. However, the responsiveness of the α-MSH-producing tissue of 
cortisol-fed fish to CRH was about 150 times lower than in the controls. Also in NILs of 
cortisol-fed fish the TRH-stimulated release of α-MSH was inhibited, although to a lesser 
extent than the CRH-stimulated α-MSH release. Such results suggest that Cortisol exerts a 
slow feedback on the MSH cells via corticosteroid receptors. Although no glucocorticoid 
receptors are active in the rat NIL in control circumstances, the presence of glucocorticoid 
receptor mRNA has been demonstrated, indicating that an inactive receptor is present in the 
MSH cells (Sheppard et al., 1993). Activation of silent glucocorticoid receptors in rat MSH 
cells has been reported. The inactive receptor becomes functional after disconnection from 
neuronal modulators (Antakly et al., 1985). If the same scenario holds for the tilapia MSH 
cell, it implies that feeding of Cortisol for prolonged times induces corticosteroid receptors. 
The increased negative feedback effect of Cortisol on the CRH-stimulated release of α-MSH, 
would then be cumulative to that of Cortisol on its intracellular glucocorticoid receptor and 
of a direct effect on the CRH receptor in the cell membrane. 
A similar enhanced feedback effect compared to the fast feedback effect in the 
experiments where Cortisol was administered in vitro, has also been demonstrated in 
mammalian ACTH cells. Here, the slow feedback effect depends on the total dose of steroid 
administration in time (Keller-Wood and Dallman, 1984). In this slow feedback time domain 
not only the CRH-stimulated ACTH release, but also the synthesis of ACTH is inhibited. 
These phenomena could explain the enhanced feedback effect of Cortisol that we have 
demonstrated here in α-MSH cells. We conclude that the feedback effects of Cortisol on the 
release of α-MSH in many aspects resemble the glucocorticoid feedback effects on the release 
of ACTH in the higher vertebrates. 
Perspectives 
Long term exposure to stress abolishes the feedback effect of Cortisol on the CRH-stimulated 
α-MSH release from the NIL of tilapia as it does on the CRH stimulated ACTH release from 
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the PD of rats. For the prolonged submaximal elevation of plasma Cortisol during chronic 
stress, feedback of corticosteroids must be attenuated. Indeed, we found that Cortisol affects 
CRH-stimulated, but not TRH-stimulated release of a-MSH. We have previously reported 
that in particular TRH-controlled a-MSH release is of importance for the adaptational 
response to acid water and we have postulated that possibly other long term stressors activate 
this TRH-a-MSH-cortisol axis (Lamers et al., 1994). 
The feedback effect of corticosteroids on CRH levels in the hypothalamus has been 
studied extensively in mammals (for review see Meany et al., 1993) and in fish (Olivereau 
and Olivereau, 1989). In mammals there is some indication for a feedback action of 
corticosteroids on hypothalamic mRNA levels for TRH (Kakucska and Lechan, 1991). 
Assuming that some negative control occurs in the TRH-a-MSH-cortisol pathway to control 
plasma Cortisol levels in tilapia and that no such control exists at the level of the MSH cell, 
we predict that in tilapia as well as in mammals a feedback effect of Cortisol occurs on the 
synthesis of hypothalamic TRH. 
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Acid stress induces a Dl-like dopamine receptor 
in the pituitary MSH cells of 
Oreochromis mossambicus 
With: P.J. ter Brugge, G. Flik and S.E. Wendelaar Bonga 
Endocrinology, submitted 

STIMULATION OF A - M S H RELEASE BY DOPAMINE 
Abstract 
In previous studies we showed that a 7-days exposure of tilapia to a water pH of 4.5 
activates pituitary MSH cells to preferentially release di-acetyl a-MSH as an 
important corticotrope. We here focus on the control of a-MSH release by dopamine 
in acid-stressed fish. The MSH cells of low-pH exposed fish showed a decreased 
sensitivity to inhibitory concentrations (O.lnM - ΙΟμΜ) dopamine compared to 
controls. Low concentrations (lOfM - lOpM) dopamine stimulated the release of a-
MSH in low-pH adapted fish but not in controls. Strong pharmacological evidence 
for a stimulatory dopamine receptor (Dl-like) was obtained: the Dl-agonists 
SKF38393 and 6-chloro-7,8-dihydroxy-3-allyl-l-phenyl-2,3,4,5-tetrahydro-lH-3-
benzazepine hydrobromide (6-chloro APB) had a stimulatory effect on the release of 
a-MSH in low-pH adapted tilapia MSH cells but not in controls. The selective D2-
agonists quinpirole and 2-hydroxy apomorphine inhibited the release of a-MSH in 
controls as well as in low-pH adapted fish and there was no difference in the 
sensitivity of the cells to these agonists. We conclude that only MSH cells of low-pH 
exposed tilapia exhibit a Dl-like receptor activity, in contrast to D2-like receptor 
activity, which is present in both controls and low-pH adapted fish. The activity of 
the D2-like receptor was equally present in neurointermediate lobes of both low-pH 
exposed and control fish. The apparent loss of sensitivity of the MSH cells to 
inhibitory concentrations of dopamine, therefore, is caused by the activation of the 
Dl-like receptors and not by changes in the abundance or sensitivity of the D2-like 
receptor. Stimulatory concentrations of dopamine not only quantitatively but also 
qualitatively enhanced the corticotropic activity of the released a-MSH, as indicated 
by the elevated ratio of di- and mono-acetyl a-MSH. This effect was mimicked by 
the Dl-like agonists SKF38393 and 6-chloro APB, indicating that the Dl-like 
receptor activity is responsible for the enhancement of the di/mono ratio. 
Introduction 
We have established that in tilapia a-MSH is a corticotrope hormone rather than a 
melanotrope hormone (Lamers et al., 1992). During adaptation to acid stress, the MSH cells 
in the pituitary of the tilapia Oreochromis mossambicus become activated and show 
hyperplasia (Lamers et al., 1994). We demonstrated that the total ir c<-MSH in the blood of 
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low-pH adapted fish is higher than in control blood plasma (Lamers et al., 1992). Both 
thyrotropin-releasing hormone (TRH) and corticotropin-releasing hormone (CRH) stimulate 
the release of α-MSH. As a result of low-pH exposure the α-MSH cells become more 
sensitive to TRH but not to CRH (Lamers et al., 1994). These findings establish α-MSH as 
a stress hormone in addition to ACTH in the tilapia hypothalamus-pituitary-interrenal (HPI) 
axis. 
In fishes three forms of α-MSH are commonly found: des- mono- and di-acetylated 
α-MSH (Lamers et al., 1991; Follenius et al., 1986). In tilapia, des-acetylated α-MSH is 
mainly a storage form, whereas mono- and di-acetylated α-MSH are the secreted forms 
(Lamers et al., 1991). The release of these two forms is regulated differentially: during low-
pH stress the ratio of di-acetyl a-MSH/mono-acetyl α-MSH (di/mono ratio) in the blood 
plasma is elevated compared to control plasma. Because the di-acetylated form has the 
highest intrinsic corticotropic activity (Lamers et al., 1992) the di/mono ratio reflects the 
corticotropic quality of the α-MSH signal. Of the stimulators tested, TRH but not CRH, 
enhanced the di/mono ratio of the released α-MSH. The present study focuses on the effects 
of low-pH stress on the dopaminergic control of the release of the amount of immunoreactive 
α-MSH and the preferential release of di-acetyl a-MSH. 
Dopamine is a potent inhibitor of α-MSH release from the neuro-intermediate lobe 
(NIL) in mammals (see for review Tilders et al., 1985), amphibians (Verburg vanKemenade 
et al., 1986) and fish (Omeljaniuk et al., 1989; Lamers et al., 1991). However, dopamine 
can also be a stimulatory secretagogue as was shown for goldfish growth hormone cells 
(Chang et al., 1990). Indeed, two distinct receptor subtypes for dopamine, with opposite 
effects, are known: the dopamine Dl-like subtypes (Dl and D5), are stimulatory receptors 
coupled to adenylyl cyclase (AC), whereas the dopamine D2-like subtypes (D2, D3 and D4) 
are inhibitory receptors coupled to AC or other second messenger systems (see reviews by 
Civelli, 1993, and by Gingrich and Caron, 1993). Specific pharmaca are available to 
distinguish between the stimulatory and inhibitory receptor subtypes: SKF38393 and 6-
chloro-7,8-dihydroxy-3-ally 1-1 -phenyl-2,3,4,5-tetrahydro-1 Н-3-benzazepine hydrobromide 
(6-chloro-APB) specifically stimulate the Dl-like dopamine receptors, whereas 2-hydroxy 
apomorphin (2-HA) and quinpirole act as specific D2 dopamine receptor agonists. 
Low-pH stress-induced changes in the regulatory effects of dopamine on the MSH 
cells and low and high doses of dopamine exerted opposite effects on the release of a-MSH 
in Iow-pH adapted fish. This indicates the presence of two receptor subtypes on the MSH 
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cells of low-pH stressed tilapia. We here report on the effect of low-pH stress on the Dl and 
D2 receptor activities in tilapia NILs. Furthermore, we assessed the effect of dopamine on 
the di/mono ratio of the released a-MSH and studied the participation of the two dopamine 
receptor subtypes in this effect. 
Materials and methods 
Experimental animals 
Mature male tilapia, Oreochromis mossambicus, were obtained from laboratory stock. The fish were 
kept in 120 1 tanks with tap water at 26°C and pH 7.8, on a grey background. The photoperiod was 
12 h of direct illumination alternating with 12 h of darkness. The body weight ranged from 100 to 
250 g. The fish were fed a dried fish food (Trouvit, Trouw, Putten, the Netherlands). Feeding was 
stopped 24 h before an experiment. 
Exposure offish to acidified water 
Fish were kept in 120 I tanks of tap water and the pH was lowered from 7.8 to 4.5 at a constant rate 
over a 24 h period by addition of H2S04. The pH was controlled using pH-stat equipment (Radiometer 
PHM 83 + TTT 80 + ABU 80, Copenhagen, Denmark). They were kept at pH 4.5 for 7 days 
before experimentation. Control fish were kept in tap water of pH 7.8. Immediately after capture the 
fish were killed by spinal transection. The animals exposed to low-pH are referred to as low-pH 
tilapia. 
¡n-vitro super/usions 
Freshly dissected pituitary glands were bisected into NIL and pars distalis (PD), using a fine scalpel 
blade under a binocular microscope. Tissues were placed on a cheese-cloth filter in a superfusion 
chamber and supervised with a Hepes-buffered (15 mM; pH 7.38) Ringer's solution containing NaCl 
(132 mM), KCl (2 mM), CaCl2.2H20 (2 mM), 0.25 % (w/v) glucose, and 0.03 % (w/v) bovine 
serum albumin. This medium was kept at 26°C and pumped through the chambers at a rate of 
30 μΐ/min by a Watson-Marlow 503U multichannel peristaltic pump (Smith and Nephew Watson-
Marlow, Falmouth, Cornwall, U.K.). After 3 h superfusion, a constant basal release of a-MSH was 
observed (Lamers et al., 1991) and from this time on dopamine or one of its analogs were added. In 
concentration-effect studies medium supplemented with dopamine (Sigma, St Louis, MO, U.S.A., 10 
fM - 10 μΜ), SKF38393 and 6-chloro APB (RBI, Natick, MA, U.S.A., lOfM-ΙΟμΜ), 2-hydroxy-
apomorphine and quinpirole (RBI, Natick, MA, U.S.A., 1 nM - 1 μΜ), were administered to the 
NILs for 30 min. To avoid interactions between the pharmaca, separate tissues were used for every 
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concentration and pharmacon. Ten-min fractions were collected with an Iseo fraction collector. 
Fractions were frozen immediately after collection and stored at -20°C until further assay. The release 
of a-MSH was expressed in % of basal release. 
Determination ofdi/mono ratios 
Isolated NILs were preincubated in Hepes-buffered saline for 2h at 26°C. After 1 h incubation the 
medium was collected (its a-MSH content being used to calculate basal release) and replaced by 1 ml 
medium containing dopamine or one of the pharmaca. After 1 h, medium was collected and the a-
MSH content was used to determine release rates. Samples were subjected to HPLC analysis (see 
below). Di/mono ratios were calculated by dividing the peak area of di-acetyl a-MSH by the peak 
area of mono-acetyl a-MSH. 
Separation methods 
Samples from in-vitro incubations were submitted to the HPLC application of the SMART system 
(Pharmacia, Uppsala, Sweden). Separation was performed on a reversed phase column (fiRPC 
C2/C,jSC 2.1/10, Pharmacia, Uppsala, Sweden). Products were eluted with a gradient of acetonitrile 
containing trifluoroacetic acid (TFA, 0.1 % v/v) in H 20 containing TFA (0.1 % v/v). The flow rate 
was 150 μΐ/min. The three forms of a-MSH eluted between 21 and 25 % acetonitrile. Fractions 
(75 μΐ) were collected, dried in a Savant Speedvac concentrator, and resolved in HCl 
(0.01 N)/methanol (1:1 v/v). The a-MSH content of the fractions was determined by RIA. 
RIA for a-MSH 
Concentrations of a-MSH were determined in duplicate by RIA. The antiserum was raised against 
synthetic mono-acetyl a-MSH (Sigma, M4135, St Louis, MO, U.S.A.) and characterized in our 
laboratory (Lamers et al., 1992). Immunocytochemical experiments showed no cross-reaction of the 
antiserum with ACTH cells in the PD of tilapia. The cross-reactivity with des-acetyl- and di-acetyl 
a-MSH was 100 %, with АСТЩ1-24) and АСТЩ1-39) less than 0.5 %. The antiserum was used 
in a final dilution of 1:60,000. The a-MSH was labelled with 125I (Amersham International pic, 
Amersham, Bucks, U.K.) with the iodogen method (Salacinsky et al., 1981), and purified through 
solid phase extraction (octadecyl Bakerbond column; J.T. Baker, Phillipsburg, NJ, U.S.A.). Bound 
and free labelled a-MSH were separated by polyethylene glycol precipitation of the immunocomplex. 
The detection limit of the assay was 6 fmol a-MSH. The interassay variation in these experiments was 
11 ± 3 %, the intra-assay variation 5 ± 2 % (л=8). 
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FlGURF. 1. Concentration-effect curves of dopamine showing maximal release of a-MSH from control ( · ) 
and low-pH tilapia NILs (O). Values are means ± S.E.M. (n=4-7). 
Data analysis and statistics 
Results are presented as means ± S.E.M. The effect of a secretagogue on a-MSH release was 
calculated by determining the peak value of stimulation or inhibition in the time curve of the 
superfusion experiments. Statistical significance of differences was assessed using the Mann-Whitney 
U-test. Ρ < 0.05 was taken to indicate statistical significance. 
Results 
Fig. 1 presents the concentration effect curve of dopamine on control and low-pH exposed 
fish. When the concentration was increased from 100 fM upto 10 μΜ, a progressive 
inhibition was observed in control fish. An ECS0 of 10 nM was estimated. In the low-pH 
tilapia, dopamine concentrations ranging from 100 pM to 10 μΜ exerted an inhibitory effect 
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FIGURE 2. Concentration-effect curves of Dl agonists SKF38393 (A) and 6-chloro ΑΡΒ (B) showing 
maximal stimulation of ек-MSH release from control ( ·) and low-pH tilapia NILs (o). Values are means 
± S.E.M.; number of observations is 5-8. 
on the release of a-MSH in a concentration-dependent way. The EC50 derived from this part 
of the curve was 5 μΜ. In concentrations ranging from 10 fM to 10 pM, dopamine 
stimulated the release of a-MSH, with a maximum of 175% at 3 pM. The EC50 for this 
stimulating effect was about 0.6 pM. No such stimulating effect was observed in controls. 
Fig. 2 shows the concentration effect curves of the Dl agonists SKF38393 (A) and 
6-chloro APB (B) on control and low-pH tilapia. Both agonists were without effect in control 
fish. However, in low-pH tilapia a concentration-dependent effect was evident in the range 
of concentration between 10 fM and 1 pM, with a maximum of about 165% for both 
SKF38393 and 6-chloro-APB, and EC50s of about 60 fM and 100 fM. At concentrations 
above 0.1 nM the stimulation of the a-MSH release declined to approximately 140 % 
stimulation for both agonists and stayed at this level up to a concentration of 1 μΜ. 
In Fig. 3 the effect of the D2 agonists quinpirole (A) and 2-HA (B) is shown on the 
release of a-MSH from NILs of control and low-pH adapted fish. Quinpirole inhibited the 
secretion of a-MSH from control and low-pH NILs with equal efficiency. The EC50s of 
quinpirole was estimated at 50 nM for both control and low-pH tissue. Also 2-HA had the 
same inhibiting effect on the release of a-MSH for control and low-pH NILs. The EC50s 
were about 0.1 μΜ in both control and low-pH NILs. 
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FIGURE 3. Concentration-effect curves of D2 agonists quinpirole (A) and 2-hydroxy apomorphin (B) 
showing maximal inhibition of a-MSH release from control ( · ) and low-pH tilapia NILs (o). Values are 
means ± S.E.M.; number of observations is 4-8. 
Table 1 Shows Che di/mono ratios of the released a-MSH during basal release and 
during administration of dopamine (10 μΜ) and of specific Dl (10 pM) and D2 (10 μΜ) 
agonists, in control and low-pH tilapia. The di/mono ratio of the unstimulated a-MSH release 
from low-pH tilapia is significantly higher (P<0.05) than that released by controls. Only 
dopamine and the specific Dl-like agonists enhanced the di/mono ratios in a-MSH released 
from low-pH NILs (Ж0.05 and P<0.01 respectively), but not from control NILs. 
Discussion 
The main conclusions drawn from this study are: 
1) In control fish dopamine inhibits the release of a-MSH. However, in low-pH tilapia, 
dopamine exerts both inhibitory and stimulatory effects on a-MSH release. High 
concentrations (0.1 nM - 10 μΜ) of dopamine inhibit and low concentrations (1 fM -10 pM) 
stimulate the release of a-MSH. 
2) Pharmacological studies indicate that the inhibitory effect of dopamine is exerted through 
a D2-like receptor, which is not affected by low-pH conditions. 
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3) The stimulatory effect of dopamine is mediated through a Dl-like receptor. This Dl-like 
receptor could pharmacologically only be demonstrated in NILs of Iow-pH tilapia. 
4) Activation of the Dl-like receptor by dopamine or its Dl receptor agonists increase the 
quality of the corticotropic signal. 
Two differential dopamine effects with distinct EC50s 
Dopamine inhibited the release of a-MSH from the NIL of tilapia in concentrations between 
0.1 nM and 1 μΜ. However, when tilapia had been exposed to a Iow-pH environment, 
dopamine showed two distinct effects: in the concentration range between 0.1 nM and 10 
μΜ, dopamine inhibited the release of a-MSH. However, the inhibition was less than in 
controls which indicates a reduced sensitivity of the MSH cells to the inhibitor. In the lower 
concentration range (0.1 - 100 pM) dopamine stimulated the release of a-MSH. In 
vertebrates two dopamine receptor subtypes with opposite functions are known: the 
stimulatory Dl-like and the inhibitory D2-like receptors (Stoof and Kebabian, 1984; Civelli 
et al., 1993). The stimulatory effect of dopamine on the release of a-MSH сап be explained 
by the activation of a Dl-like receptor. Apparently, this Dl-like receptor is induced in tilapia 
NILs by low pH. It has a higher affinity for dopamine than the inhibitory receptor. 
Effects ofDl agonists 
Two selective Dl agonists, SKF38393 and 6-chloro-APB had no effect between 1 fM to 1 
μΜ concentrations on the release of a-MSH from NILs from control fish. Both agonists, 
however, stimulated the release of a-MSH from the NILs of Iow-pH tilapia, in a 
concentration-dependent manner in the lower concentration range (10 fM-1 pM). A peak 
value was observed around 1 pM, followed by a plateau of maximum stimulation at 85% of 
the peak value. This biphasic effect could be explained by interactions of the agonists with 
other catecholamine receptor subtypes present in the NIL: synergistic as well as antagonistic 
interactions have been shown between Dl and D2 dopamine receptors (Waddington, 1989). 
Another attractive explanation is that part of the Dl-like receptors change from a high 
affinity state to a low affinity state with the increase of the agonist concentration, as 
described in pituitary and brain tissue of mammals (reviewed by Seeman, 1987). This change 
to the low affinity state of the receptor leads to a lower binding of the agonist and a decrease 
in maximal stimulation of a-MSH release. 
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TABLE 1. Peak area di-acetyl a-MSH/mono-acetyl a-MSH (di/mono) ratios in superfusate of control and 
low-pH tilapia, effects of dopamine and selective Dl and D2 agonists 
Controls Low-pH stressed 
Basal 0.55 ± 0.03 (8) 0.75*± 0.02 (8) 
Dopamine 0.56 ± 0.02 (5) 0.93"± 0.07 (6) 
2-Hydroxy apomorphin 0.58 ± 0.03 (4) 0.73 ± 0.10 (5) 
Quinpirole 0.52 ± 0.05 (6) 0.73 ± 0.05 (6) 
SKF38393 0.60 ± 0.03 (5) 0.95"± 0.05 (9) 
6-Chloro ΑΡΒ 0.59 ± 0.01 (6) 0.93"± 0.06 (7) 
':P<0.05 compared to control value; ':P<0.01 compared to control value (Mann Whitney IMest). Values 
are means ± S.E.M., numbers of experiments are shown in parentheses. 
Similar stimulatory effects of extremely low dopamine concentrations and inhibitory effects 
of high concentrations of dopamine have been reported for the release of prolactin from rat 
pituitary gland (Denef et al.; 1980, Brown and Seggie, 1982; Martinez de la Escalera and 
Weiner, 1988). This stimulating effect of dopamine, however, could neither be mimicked by 
Dl agonists nor by D2 agonists but was blocked by the D2 antagonist eticlopride, indicating 
that the stimulatory effect is mediated through a D2 rather than a Dl receptor (Bums et al., 
1991). Stimulatory Dl-like receptor activity has recently been demonstrated in pituitary 
glands of another fish. Pharmacological (Chang et al., 1990) and receptor binding studies 
(Wong et al., 1993) showed the presence of a Dl-like receptor on goldfish growth hormone 
cells in the pituitary distal lobe. Interestingly and in accordance with our findings, the 
receptor binding studies by Wong et al. (1993) showed no binding of the Dl-antagonist 
SCH23390 in the NIL of goldfish kept at neutral (control) pH, comparable to our control 
fish. 
Effects of D2-agonists 
The specific D2 agonists quinpirole and 2-HA mimicked the inhibitory effect of dopamine 
on the release of a-MSH in control fish. This indicated the presence of a D2-like receptor 
on the MSH cells. There is consensus that the inhibiting effect of dopamine is mediated 
through D2-like receptors in amphibians (Verbürg van Kemenade et al., 1986) and mammals 
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(Beaulieu et al., 1986). Exposure to acid water did not change the effect of quinpirole and 
2-HA on the release of α-MSH. This shows that D2-like receptors are responsible for the 
inhibiting effect of dopamine on the release of a-MSH and that these were not altered in their 
sensitivity to agonists, nor in their density. Dopamine activates both Dl and D2 receptors 
and, indeed, the dopamine concentration-effect curve (Fig. 1) is a composition of the separate 
curves of the Dl agonists (Fig. 2) and the D2 agonists (Fig. 3). The shift observed in the 
concentration-effect curve by dopamine in low-pH tilapia must, therefore, be attributed solely 
to the induction of the Dl-like receptor. 
Enhancement of corticotropic quality of a-MSH by Dl-like agonists 
We have demonstrated earlier that the corticotropic quality of a-MSH is positively correlated 
with the di/mono ratio of its molecular forms (Lamers et al., 1992). The di/mono ratio of 
α-MSH released in vitro in low-pH fish is higher than in control animals. It was shown that 
TRH elevates the di/mono ratio in controls. In low-pH tilapia TRH can still exert its di/mono 
ratio elevating effect (Lamers et al., 1994). In control fish dopamine does not have any effect 
on the di/mono ratio. Interestingly, in low-pH tilapia dopamine does elevate the di/mono 
ratio. These effects can be mimicked by the specific Dl agonists SKF38393 and 6-chloro 
APB but not by the D2 agonists 2-HA and quinpirole. We consider this as a further 
indication that the di/mono ratio elevation is a property of the Dl-like receptor activity. 
Physiological relevance 
The blood plasma level of α-MSH is enhanced during acid stress and the action of this 
hormone may contribute to the stimulated Cortisol release in these fish (Lamers et al., 1992). 
Therefore, the induction of the Dl-like dopamine receptor during low-pH adaptation may 
well be of physiological significance, because the secretion of an inhibitor of α-MSH release 
may be expected to decrease during stress. It is generally found that the different dopamine 
systems in the brain are selectively modulated by different kind of stressors (Deutch et al., 
1985; Abercromby et al., 1989). Indeed, the activity of the rat tuberohypophyseal 
dopaminergic neurons that project to the NIL (Björklund et al., 1973), is decreased during 
restraint, leading to a reduced dopamine concentration in the intermediate lobe. The 
diminished dopamine concentration in the vicinity of the MSH cells is accompanied by an 
increased α-MSH secretion (Lookingland et al., 1991; Lindley et al., 1990). Therefore, we 
suggest that dopamine concentrations that we have shown to be stimulatory in vitro, occur 
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in the vicinity of the MSH cells in the NIL of acid stressed tilapia. This means that in low 
pH tilapia, dopamine in fact stimulates the release of a-MSH and the corticotropic quality 
of a-MSH. Dopamine may exclusively operate as an inhibitor of the a-MSH release under 
control conditions. 
Our data do not allow a definite identification of the here described Dl-like receptor 
as a Dl or a D5 receptor, because these Dl-like receptor subtypes cannot be distinguished 
pharmacologically. However, because of the very high affinity of the receptor, we speculate 
that it is a D5 receptor rather than a Dl receptor, because the D5 receptor has a much higher 
affinity for dopamine than the Dl receptor (Sunahara et al., 1991; Gingrich and Caron, 
1993). The identification of the Dl-like receptor activity in tilapia awaits molecular biological 
analysis. 
The control mechanism of the induction of the Dl-like receptor activity is not clear. 
Expression studies will eventually answer the question whether control occurs at 
transcriptional or posttranscriptional level. This is the first study to show the presence of Dl -
like receptor activity in the pituitary NIL. The adaptation of tilapia to low-pH stress provides 
an elegant model to study the regulation of the dopamine Dl-like receptor activity. 
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CLONING OF A TILAPIA D1-LIKE RECEPTOR 
Abstract 
Physiological and pharmacological studies have indicated that during adaptation to 
acid stress a dopamine Dl-like receptor becomes functional on the a-melanocyte-
stimulating hormone-producing cells in the pituitary intermediate lobe of tilapia. As 
a first step towards physiological expression studies we isolated a dopamine Dl-like 
receptor from a tilapia hypothalamic cDNA library, using human dopamine Dl 
receptor DNA as a probe. Comparison of the amino acid sequence deduced from the 
tilapia cDNA with the sequences of human Dl and D5 receptors and with the goldfish 
Dl receptor sequence revealed a 79.9 %, 80.5 % and 82 % similarity, respectively. 
Construction of a phylogenetic tree showed that we cannot reliably define the tilapia 
Dl-like receptor as a Dl or a D5 receptor or as a receptor that is ancestral to these 
dopamine receptor subtypes. 
Introduction 
Dopamine signals are transduced via two types of dopamine receptors, Dl-like and D2-like 
(Stoof and Kebabian, 1984). Dl-like receptors are coupled to a stimulatory G-protein to 
effect a stimulation of a second messenger system in the cell (see review by Civelli et al., 
1993). D2-like dopamine receptors are generally coupled to an inhibitory G-protein enabling 
the inhibition of a second messenger. The Dl-like and the D2-like receptors can be 
distinguished pharmacologically using specific Dl and D2 agonists and antagonists. Within 
the class of Dl-like or D2-like receptors, receptor subclasses can until now only be identified 
at the molecular level: Dl-like receptors have been distinguished into Dl (humans) and Dia 
(rats), D5 (humans) and Dlb (rats); D2-like in the subclasses D2, D3 and D4 (Civelli et al., 
1993; Gingrich and Caron, 1993). 
The regulation of release of a-MSH from the pituitary neurointermediate lobe (NIL) 
of tilapia during adaptation to acidified water has been described previously (Lamers et al., 
1992, 1994). Pharmacological studies revealed that a dopamine Dl-like receptor activity was 
induced in a-MSH-producing cells of the NIL of tilapia, when the fish were exposed for 7 
days to acid water (pH 4.5, Chapter 6). This receptor has a higher affinity for dopamine than 
the D2-like receptor present in the NIL. The activation of these Dl-like and D2-like 
receptors appears to result in stimulation of a-MSH release at picomolar concentrations of 
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dopamine but in inhibition of a-MSH release at nano- to micromolar concentrations of 
dopamine As a first step towards the study of dopamine receptor expression in the tilapia 
pituitary gland, a cDNA clone encoding a Dl-Iike dopamine receptor has been isolated from 
a tilapia hypothalamic cDNA library In this paper the cloning and sequence analysis of this 
cDNA clone is described 
Materials and methods 
Construction of a tilapia hypothalamic cDNA library 
A tilapia cDNA library was constructed from about 4μg hypothalamic poly(A)+ RNA of fish raised 
in normal freshwater (pH 7 8, Lamers et al, 1994), using the λ ZAP-cDNA synthesis kit (Stratagene, 
see also Groneveld et al, 1994) RNA was isolated by the acid guanidimum-thiocyanate - phenol-
chloroform procedure (Chomczynski and Sacchi, 1987) and subsequently poly(A) + RNA was purified 
with an oligo (dT) cellulose column (Stratagene) according to the manufacturer's instructions cDNA 
was synthesized using an oligonucleotide containing an oligo dT sequence and an Xhol restriction site 
EcoRl adaptors were hgated and the cDNA was directionally cloned into EcoRl-XhoI sites of an Uni-
ZAP XR vector The resulting library contained approximately 2ХІ05 clones The library was 
amplified according to standard procedures (Sambrook et al, 1989) 
Screening of the cDNA library 
Approximately 100 000 recombinants of the library were screened on duplicate Hybond-N+ filters 
(Amersham) using a human dopamine DI gene probe, (hD,3z, Zhoe et al, 1990, a kind giñ of dr 
O Civelh, Hoffmann-La Roche, Basel, Switzerland) The probe was 32P-labelled by random priming 
according to standard procedures (Sambrook et al, 1989) After pre-hybridization in a hybridization 
buffer containing 40mM sodium phosphate-buffered (pH 7 4) 25% formamide, óxSSC [lx SSC = 
0 15 M NaCl and 0 015 M sodium citrate], 0 1% sodium dodecyl sulphate (SDS), 100/ig/ml 
denatured herring sperm DNA, 0 1 % polyvinylpyrrolidone, lmM EDTA and 2x Denhardts solution 
[lx Denhardts solution is 0 1 % polyvinylpyrrolidone, 0 1 % bovine serum albumin and 0 1 % Ficoll 
400], filters were incubated with the probe in hybridization buffer at 42°C After 18 h filters were 
washed twice for 30 mm with 6x SSC, 0 1% SDS and twice for 30 min with 2x SSC, 0 1% SDS, 
at 56°C Hybridization-positive clones were purified, and Bluescnpt DNA was prepared by in-vivo 
excision according to the Stratagene protocol 
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500 bp 
I 1 Г-»Э' 
EœRI EcoRI Sad Smal Sad Smal Sad Xbol Xhol 
I 1 1 J I \[f H I I JIM 1 1 
РЯІ Psü Pal ВаліШ Pal Pal Pal 
* ± — » 
» 
> 
» 
< 
< 
> » 
FIGURE 1 Partial restriction map and sequencing strategy for the tilapia hypothalamic cDNA clone 
encoding a Dl like dopamine receptor The open box shows the region coding for the tilapia Dl/5 
receptor Arrows show the direction and the extent of the sequencing 
DNA sequence analysis 
DNA sequencing was performed with T7 DNA polymerase and the dideoxy chain termination method 
(Sanger et al, 1977) The size of the insert made it necessary to subclone the restriction fragments 
for further sequencing Also, synthetic oligonucleotides complementary to already sequenced parts 
of the cDNA (purchased from Eurogentec, Maastricht, The Netherlands) were used for further 
sequencing 
The nucleotide sequence was converted into the amino acid sequence Sequence similarity 
searches were performed according to Needleman and Wunsch (1977) using the GAP program of the 
GCG program package (Devereux et al, 1984) 
Construction of the phylogenetic trees 
The amino acid sequence of the tilapia Dl-like receptor (further referred to as tDl/5, for explanation 
see Discussion) presented in this study was aligned with the following Dl-like dopamine receptors 
obtained from the databases Swissprot and Embl goldfish Dl (gfDl, accession nr P35406), human 
DI (hDl, P21728), human D5 (hD5, P21918), rat Dia (rDla, P18901), rat Dlb (rDlb, P25115) and 
the translated Drosophila melanogaster Dl/5 (dmDl/5, X77234) Invariant positions were deleted 
from the alignment and 100 bootstrap samples were created using the SEQBOOT (Felsenstein, 1985) 
program Phylogenetic trees of these samples were obtained with the programs NEIGHBOR (Saitou 
and Nei, 1987) and PROTPARS (Eck and Dayhoff, 1966, Fitch, 1971) 
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Results and Discussion 
Isolation and sequence analysis of cDNA encoding a tilapia Dl-like dopamine receptor 
The screening of approximately 100.000 clones resulted in the isolation of three 
hybridization-positive phage plaques. Restriction analyses revealed that all three clones 
contained the same 4.7 kb insert. The sequence strategy for one of these clones is presented 
in Fig. 1. The clone consists of the complete coding region of a tilapia dopamine Dl-like 
receptor, with an extremely long 5' non-coding region of approximately 2.2 kb and a 3' non-
coding region of about 1.3 kb. 
Fig. 2 presents the nucleotide sequence of the tDl/5 receptor clone starting 625 bp 
upstream from the initiation-ATG. Analysis of the nucleotide sequence revealed an open 
reading frame (ORF) coding for a protein of 368 amino acids. Seven putative transmembrane 
regions, characteristic for G-protein coupled receptors, may be assigned in the protein. The 
deduced amino acid sequence of the clone showed high similarity to the human Dl and D5, 
the rat Dia and Dlb and the goldfish Dl receptor (Table 1). The degree of amino acid 
sequence identity between the tDl/5 receptor and the human and rat DI (Dia) and the human 
and rat d5 (Dlb) receptors is 65 % and 63 %, respectively. The amino acid sequences of the 
two human stimulatory dopamine receptors (Dl and D5) show about 65 % identity, whereas 
the stimulatory human Dl and the inhibitory human D2 receptor show only 29 % identity 
(Sunahara et al., 1990). From this we conclude that the tilapia clone encodes a stimulatory 
(Dl-like) dopamine receptor. 
The 5'-untranslated region of the tDl/5 receptor contains several small ORFs of 
which the four most downstream are shown (Fig. 2). The first three ORFs consist of 66 
bases and the fourth of 24 bases. Although small ORFs are generally rare in vertebrate 
mRNA, they are not uncommon in mRNAs of receptor genes, proto-oncogenes and growth-
control genes (Kozak, 1989; Marth et al., 1988). The function of the small ORFs is yet 
unknown, but a role in the initiation of translation of the main ORF has been suggested 
FIGURE 2. Nucleotide sequence and deduced ammo acid sequence of the hypothalamic cDNA clone 
encoding the tilapia Dl/S dopamine receptor Numbering starts at the putative initiation methionine and 
ends at the termination codon The positions of the transmembrane (TM) regions are overhned. The 
putative glycosylation sites are indicated with a triangle over the first amino acid. Termination codons are 
indicated with *** The polyadenylation site is underlined. 
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5' (-1550) GGATCCGCATCAGACACACCTGAGC 
ATGAAGACCGCGGGAAACCTTCAGATTTCAGTCAAGAACGACACAGACGAATTACTGCCCAGCTGATCCCGGCGA 
GCGTCACGGTCATACAGGCAACCGAGACGACACTGAGAGACCCTCACGGCACAGACAGGTGTGGGCAGGCGCAGG 
AGGGGGGTCGGCTCGCTGGAGTGTCTGTGGCGAGTCTGGATGTGGCTCTATGCAGGTACCCTCCCACAGTAGGAC 
ACACACGCCGGGTCAGCTGGTGCTTCTGTCTACCTGTTAGCCCTATAACGGTTGGAGAAGTGTCCAGATGGTGCG 
TGGGTCTGCTCCTGAATCGTTAATGAAACTGCAGTTTCCAAAGTTTGTTAAACAGTGAGTGGAAGGTGTCTGCTC 
TCGTGACGTCTTTGGCACATTAAAAACATAAAGAAACTGAAGCAAACGAGCTCCGCTGGACTTTCTTCAGTCCAG 
ATGTTCACTTCAGCCTGGAGGTGATTTTTGTTTGTTTTTTACAGACCGAACATTTGAGTGTGCGTTTCACGTGTG 
CTATTAAGTGTTGGAGTGCTCTGAGCTCCCGTGGATTAAGTATACCCGAGGGAGGGAGGGACCCTCTTAGTGTCC 
19 
Met Glu Ile Phe Thr Thr Thr Arg Gly Thr Ser Ala Gly Pro Glu Pro Ala Pro Gly 
ATG GAG ATT TTT АСА ACG АСА CGC GGA ACC AGC GCA GGA CCA GAG CCA GCA CCC GGT 
_ _ _ _ _ 36 
Gly His Gly Gly Thr Asp Ser Pro Arg Thr Ser Asp Leu Ser Leu Arg Ala Leu Thr 
GGT CAC GGC GGC ACG GAC AGC CCG CGC ACG AGC GAC CTC AGC CTC CGC GCG CTC ACC 
TM I 57 
Gly Cys Val Leu Cys lie Leu lie Val Ser Thr Leu Leu Gly Asn Ala Leu Val Cys 
GGA TGC GTC CTG TGC АТС CTG АТС GTG ТСС ACG CTT CTG GGG AAC GCG CTG GTG TGC 
76 
Ala Ala Val Ile Lys Phe Arg His Leu Arg Ser Lya Val Thr Asn Ala Phe Val Ile 
GCC GCC GTC АТС AAG TTC CGC CAC CTG CGC ТСС AAA GTC ACT AAT GCC TTC GTC АТС 
^ _ _ ^ TM II 95 
Ser Leu Ala Val Ser Asp Leu Phe Val Ala Val Leu Val Met Pro Trp Arg Ala Val 
TCT TTG GCC GTG TCC GAC CTG TTC GTG GCC GTG CTC GTG ATG CCG TGG AGG GCC GTG 
_ 114 
Ser Glu Val Ala Gly Val Trp Leu Phe Gly Ala Phe Cys Asp Thr Trp Val Ala Phe 
TCC GAG GTG GCC GGC GTC TGG CTG TTC GGC GCT TTC TGC GAC ACG TGG GTG GCT TTC 
TM III , _ ^ _ _ ^ _ 133 
Asp Ile Met Cys Ser Thr Ala Ser Ile Leu Hls Leu Cys Ile Ile Ser Met Asp Arg 
GAC АТС ATG TGC TCC ACG GCC ТСС АТС CTC CAC CTG TGC АТС АТС AGC ATG GAC CGC 
152 
Туг Trp Ala Ile Ser Ser Pro Phe Arg Туг Glu Arg Arg Met Thr Pro Arg Phe Gly 
TAC TGG GCC АТС TCC AGC CCG TTC CGC TAC GAG CGC AGG ATG ACG CCG AGG TTC GGC 
TM IV 171 
Cys Val Met Ile Gly Val Ala Trp Thr Leu Ser Val Leu Ile Ser Phe Ile Pro Val 
TGC GTG ATG АТС GGC GTG GCG TGG ACG CTG TCT GTG CTT АТС TCC TTC АТС CCC GTG 
_^_^ τ 190 
Gin Leu Asn Trp His Ala Arg Gly Arg Glu Arg Thr Asp Pro Gly Asp Cys Asn Ala 
CAG CTC AAC TGG CAC GCG CGC GGG CGA GAA CGC ACG GAC CCC GGG GAC TGC AAC GCG 
τ ^__^ TM V 209 
Ser Leu Asn Arg Thr Туг Ala Ile Ser Ser Ser Leu Ile Ser Phe Туг Ile Pro Val 
AGC CTG AAC CGC ACC TAC GCC АТС TCC TCC TCC CTC АТС AGC TTC TAC АТС CCC GTC 
_ _ 22Θ 
Leu Ile Met Val Gly Thr Туг Thr Arg Ile Phe Arg Ile Gly Arg Thr Gin Ile Arg 
CTC АТС ATG GTG GGC ACG TAC ACG CGC АТС TTC CGC АТС GGC CGC ACG CAG АТС CGG 
247 
Arg Ile Ser Ser Leu Glu Arg Ala Ala Pro Arg Ala Thr Arg Gly Pro Ala Leu Cys 
CGG АТС TCC TCG TTG GAG AGG GCT GCG CCG CGC GCG АСА CGC GGC CCC GCG CTC TGC 
_ ^ 266 
Asp Glu Glu Ser Ser Leu Lys Thr Ser Phe Arg Arg Glu Thr Lys Val Leu Lys Thr 
GAC GAG GAG AGC TCG CTG AAG ACT TCC TTC CGC CGC GAG ACC AAA GTG CTG AAG ACG 
^ TM VI „ ^ 285 
Leu Ser Val Ile Met Gly Val Phe Val Phe Cys Trp Leu Pro Phe Phe Val Leu Asn 
CTG TCG GTC АТС ATG GGC GTG TTC GTG TTC TGC TGG CTG CCG TTC TTC GTG CTC AAC 
304 
Cys Met Val Pro Phe Cys Arg Leu Glu Pro Ala Ala Ala Pro Cys Val Ser Asp Thr 
TGC ATG GTT CCG TTC TGC CGC CTG GAG CCT GCG GCC GCG CCG TGC GTC AGC GAC ACC 
_ _ , _ ^ TM VII 323 
Thr Phe Ser Val Phe Val Trp Phe Gly Trp Ala Asn Ser Ser Leu Asn Pro Val Ile 
ACG TCC AGC GTG TTC GTG TGG TTC GGC TGG GCC AAC TCG TCC CTG AAC CCG GTC АТС 
342 
Туг Ala Phe Asn Ala Asp Phe Arg Lys Ala Phe Ser Thr Ile leu Gly Cys Ser Arg 
TAC GCC TTC AAC GCC GAC TTC CGG AAG GCC TTC TCC ACC АТС CTG GGC TGC AGC CGC 
361 
Туг Cys Arg Thr Ser Ala Val Glu Ala Val Asp Phe Ser Asn Glu Leu Ala Ser Туг 
TAC TGT CGC ACC TCG GCG GTG GAG GCG GTG GAC TTC AGC AAC GAG CTG GCG TCC TAC 
3B0 
His His Asp Thr Thr Leu Gin Lys Glu Ala Ser Ser Arg Gly Αβη Ser Arg Gly Gly 
CAC CAT GAC ACC ACC CTG CAG AAG GAA GCG TCG TCG CGC GGG AAC TCG AGG GGG GGC 
Pro Tyr Gin Phe Ala Leu *** 
CCG TAC CAÁ TTC GCC СТА TAG TGAGTCGTATTACAATTCACTGGCCGTCGTTTTACAACGTCGTGACT 
GGGGAAAAACT (-950 bp) GGTAGAATAACATGTGATGTGATGGCCAAAAAAAAAAAA -3' 
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-EPAPGGHGGTDSPRTS 
MDGTGLWEF 
tDl/5 MEIFTlfiJRG 
hDl MRILN' 
gfDl MAVLDLNLigVID@GFME 
hD 5 MLPPGSNGTAYPGQFALYQQLAQGNAVGGSAGAPPLGPSQ 
tDl/5 
hDl 
gfDl 
hD5 
MM-VCAAVIIf 
fclLVCAAVir 
felLVCAAMTK, 
HvfcvcftABvR, 
LRSKVTI 
HHLRSKVTtÍFl 
4HLRSKVTfiF| 
Ш 
'ISLAVSDI 
ÍISIAVSD1 
I I 
ÎTÂVLVMPWJRJ^  
VAVLVHPWXA1 
C.VMPWKA1 
'GAFClJ lWSH 1 1 4 
P F G § F C | N I W V A Ï 102 
PFGAFCBlWVAî 1 0 3 
FGAFCnvtoVftJ? 1 1 9 
I I I 
t D l / 5 iÜMCSTAäl ВДЕ^і|Щ$ЖУ«АІ S SPFRYEI 
hD 1 blMCSTASILNLCVrSVDRïWAISSPFRÏERKMTÎ 
g f D l piWSTASÏIJII.CVISVDRÏWAISSPFRyERKMTPP 
hD5 pïMCSTASILSLCVISVtlRYWAta^FRïWR» 
IV 
hWTt.SVLISFIPVQIJNpB 176 
ÄWTLSVLISFIPVQISSH 1 6 4 
¡rtíTLSVLISFIPVQI К Wi 165 
ftWTLSBb ISTI PVClMfflj 1 8 1 
t D l / 5 ARGRERT0 P-GD&IAPLNRTYAISSSLISFYI| 2 0 7 
h D l KAKP TSPSC GNATSLAETIDNCDSSLgRTYAISSSQlSFYB 2 0 5 
g f D l KAQPIGFLEVNASRP. С L—PTDHCDSSLNRTYAISSSLJSFYS 2 0 6 
hD5 RDQAASWGGIflLPNNLANWTPWEEDFWEPQVNA—EffCDSSLWRTYAlSSSLISFYli 2 3 6 
t D l / 5 
hDl 
g f D l 
hD5 
FPtLjravGlTYTRUF^GRipiRRiaslLBRAWPRRrRGP 
PVAIMIVTYTRIYRIAaK 2IRR: 
PVAIMtVTYlQl YRIAÇ К BIRRI 
PVAIMIVTYTRІYRIAαvbtRRIS|s|LERAAІE^W^SCRSSAA 
—AL CDEJEs 
ERAAlVHJAJKNCQTTTGNGKPVECSQP ES 
,ERAAES ft 2IRHDSMGSGSNM Pifes 
CAPDljSJLRAgÌy^ 
VI 
t D l / 5 (rWt'KttSVIMGVFVtTJtWLPFFÌy^NCMVPFCteLE P. 
hDl rKVtKTLSVIMGVFVCCWLÎ'FPimcgpPFœSG ETQP' 
g f D l РК ХКТЬЗ ІИа Р ССВІ.РгРІЬЫСМ РРскнТ SNGI^PCjl| 
hD5 riOTîKraiS^mfâYFyÇCWLITFILTOMyPEgSGHPEGPPAG 
TFÌSpFVWFGWAN S SI 3 1 8 
IDSt^TFDVFVWFGWANSS 3 2 5 
TFDVFVWFGWANSH 3 2 3 
TFDVFVWFGWANSS 3 5 3 
t D l / 5 
hDl 
g f D l 
hD5 
V I I 
HI^YAFNAbFRtlÄFbTlJEBasI ^RT—SAV@A|VbFJSHÏ|LA SYHHD—TTLQJKSJ 3 7 3 
ATNNAI^lMsHJNWGAAMFSSHHEPRGSIslKEpNL 387 
G—S ІЯНЙГР SLNKN* 3 6 3 
LMP 11YAFNADFRKAF SILLGqïp 
CNF I lYAFMAPFPjRhF M LLGC 
L«pMiyftFMADBlq4№C¿LGCJSHFJl^SR--TPV|E]T^l|rSN^LI ¡SJYNQD—IVFHgjjjIAA 4 0 8 
tDl/5 
hDl 
gfDl 
hD5 
ASSRGN 
VYLIPHA-VGSSEDL 
-SRGGPYQFAL* 
-KKEEAAGIARPLEKLSP-
3 8 6 
-ALSVI-LDYDTDVSLEKIQ 4 3 6 
AYIHMMPN-AVTPGNREVDNDEEEGPFDRMFQIYQTSPDGDPVAESVWELDCEGEISLDKIT 4 6 9 
t D l / 5 
hDl 
g f D l 
hD5 
PITQNGHAPT* 
PFTPNGFH* 
4 4 6 
477 
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TABLE 1 Sequence similarities and identities of Dl-hke receptors 
tDl/5 
hDl 
rDla 
hD5 
rDlb 
gfDl 
tDl/5 
100 
79.9 (65.2) 
79.4(64.1) 
80.5 (63.5) 
79.4 (63.0) 
82 0 (71.2) 
hDl 
100 
92.9 (89.9) 
75.8 (59.4) 
82.9 (75.4) 
rDla 
100 
76.1 (57.9) 
81.5 (75.1) 
hD5 
100 
90.2(83.1) 
80.8 (67.5) 
rDlb 
100 
80.3 (68.3) 
Amino acid sequence similarities and, in parentheses, identities in percentages, between the 
tilapia Dl/5, human Dl (hDl), rat Dia (rDla), human D5 (hD5), rat Dlb (rDlb) and goldfish 
Dl (gfDl). 
(Hunt, 1985; Martens et al., 1991). It is not clear whether the small upstream ORFs are 
translated, because none of the AUG triplets of the small ORFs are in a favourable context 
for translation initiation (A/GNNATGG is considered the ideal context for translation 
initiation. Kozak, 1987). 
Comparison of the tDl/5 receptor with Dl-like receptors of other species 
Fig. 3 shows a comparison of the amino acid sequence of the tDl/5 receptor with that of the 
human Dl, the human D5 and the goldfish Dl receptor. The highest degree of identity is 
located in the transmembrane regions, the first and second intracellular loops, the first 
extracellular loop and in the regions adjacent to the transmembrane regions VI and VII of 
the third intracellular loop. The carboxyl terminal end of the tDl/5 receptor, which forms 
FIGURE 3. Alignment of the amino acid sequences of tilapia Dl/5 (tDl/5), human Dl (hDl), goldfish Dl 
(gfDl) and human D5 (hD5) dopamine receptors The one-letter amino acid code is used Hatched boxes 
indicate identical amino acids in three or more of the receptors. Transmembrane regions are overhned. 
Gaps (-) are introduced to achieve maximum similarity 
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the cytoplastic tail of the receptor, is 
smaller than in the human receptors. The 
length of the cytoplasmic tail of the tDl/5 
receptor (60 amino acids) is intermediate 
compared to that of the goldfish Dl (34 
amino acids, Frail et al. 1993) and that of 
the human Dl and D5 receptor (110 and 
113 amino acids, respectively, Sunahara et 
al. 1990, 1991). Mutagenesis studies on G-
coupled receptors have shown that the 
intracellular tail is of minor importance in 
ligand binding and receptor activation 
(Savarese and Fraser, 1992). 
The percentages of overall sequence 
similarities and identities of the tDl/5 
dopamine receptor to hDl, hD5, rDla, 
rDlb and gfDl receptors are shown in 
Table 1. The tDl/5 receptor is similarly 
related to hDl and hD5 receptors. 
Therefore, it is not clear whether it encodes 
the "fish Dl" rather than the "fish D5". 
The amino acid sequence identity between 
the tDl/5 and the gfDl receptor is 71 %. This degree of conservation can be explained as 
the difference between a "fish Dl" and a "fish D5", but it can also be regarded as an 
interspecies variation, as goldfish and tilapia belong to different superorders (Cyprinidae, 
Ostariophysi and Perciformes, Acanthopterygii, respectively; Gilbert, 1993). Phylogenetic 
trees of members of the Dl-like dopamine receptor family were constructed to determine the 
identity of the tDl/5 receptor. The topologies obtained by the NEIGHBOR and PROTPARS 
programs was essentially identical. The consensus tree of 100 bootstrap samples of the 
PROTPARS program is shown in Fig. 4. The Drosophila Dl/5 receptor, the rat and the 
human DI (Dia) receptors, and the rat and the human D5 (Dlb) receptors are three 
significantly divergent groups within the family of Dl-like dopamine receptors (100 %). The 
tDl/5 receptor was positioned in the D5 group (54 %) and the goldfish Dl receptor in the 
d m D l / 5 
FIGURE 4. Phylogenetic tree of the Dl-like 
dopamine receptor family. Numbers in branches 
indicate the bootstrap values calculated with the 
PROTPARS program. Abbreviations: lDI/5: 
tilapia Dl/5; hDl: human DI; rDla: rat Dia; 
hD5: human D5; rDlb: rat Dlb; gfDl: goldfish 
Dl; dmDl/5: Drosophila melanogaster Dl/5. 
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Dl group (68 %). When 95 % is considered a fiducial limit, it follows that no reliable 
conclusion on the branching order of the fish Dl-like receptors can be made on the basis of 
the available Dl-like dopamine receptor sequence data. The consensus tree strongly suggests 
that the divergence of the Dl and D5 receptors has occurred before the origin of the 
mammals. The results on goldfish and tilapia suggest that the divergence of the two Dl-like 
dopamine receptors has occurred around the evolutionary time point of the emergence of the 
fishes. 
Perspectives 
From previous pharmacological studies (Chapter 6) we have concluded that a stimulatory 
dopamine receptor becomes induced in the pituitary NIL when tilapia is exposed to acid 
water for 7 days. Although the here presented tDl/5 receptor was cloned from a 
hypothalamic cDNA library, we suggest that it is identical to the Dl-like receptor in the NIL 
of tilapia exposed to acid water, as found in pharmacological studies (Chapter 6). Presently, 
we are interested in the control of the induction of this Dl/5 receptor. The tDl/5 receptor 
cDNA provides a tool for expression studies that may reveal the presence of the receptor in 
NIL and other peripheral tissues of tilapia. 

Chapter 8 
General Discussion 

GENERAL DISCUSSION 
Summary of the major findings 
This thesis presents data that indicate a function for a-MSH in the adaptation to acid water, 
via a role as a corticotropic hormone in an alternative pathway along the hypothalamus-
pituitary-interrenal (HPI) axis. 
As an effect of low-pH exposure, MSH cells became activated, as revealed by the 
enhanced volumes of granular endoplasmatic reticulum and Golgi apparatus. The cells 
showed hyperplasia and the total volume of secretory granules was reduced, indicating an 
enhanced secretion of a-MSH (Chapter 4). This enhanced secretion was confirmed by a-
MSH measurements in blood plasma of low-pH-exposed fish. The in-vitro release of a-MSH 
from NILs of these fish was enhanced as well, when compared to control NILs (Chapter 2). 
After establishing the involvement of a-MSH in the adaptation to acid water, we 
searched for a function for a-MSH in the hypothalamus-pituitary-interrenal axis, one of the 
central mechanisms involved in the adaptation to stressors in vertebrates. Such a function 
seemed feasible, because a-MSH is structurally closely related to ACTH, the classical 
corticotrope hormone. Indeed, superfusate from the NIL containing a-MSH, stimulated the 
release of Cortisol from interrenal tissue. The effect was comparable to that of ACTH-
containing superfusate from the distal lobe. Immunoabsorption of a-MSH from a NIL 
superfusate showed that, with a-MSH, the corticotropic effect had disappeared (Chapter 3). 
Therefore, a-MSH is considered a stress hormone that stimulates the release of Cortisol, 
albeit with a lower intrinsic activity than ACTH. 
Three forms of a-MSH were found in the tilapia NIL: des-acetyl a-MSH, mono-
acetyl a-MSH and di-acetyl a-MSH. Di-acetyl and mono-acetyl a-MSH were preferentially 
secreted into the blood. Di-acetyl a-MSH had the highest corticotropic activity. Therefore, 
the di/mono ratio is a value for the corticotropic quality of the secreted a-MSH (Chapter 3). 
Di-acetyl a-MSH and mono-acetyl a-MSH were released into the blood independently of 
their concentration in the NIL: the di/mono ratio in NIL extracts was higher (1.10) than in 
the blood plasma (0.55). This means that differential release occurred. This differential 
release could be stimulated in vitro by TRH. The physiological importance of this 
phenomenon was indicated by the increased di/mono ratios of the a-MSH secreted in vivo 
as well as in vitro by superfused NILs of acid-stressed fish (Chapter 3). 
The release of a-MSH in control, i.e. unstressed fish was under stimulatory and inhibitory 
hypothalamic control. We studied the stimulatory effect of both TRH (Chapters 2,4) and 
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CRH (Chapter 4) - both secretagogues stimulated the release of a-MSH in a concentration 
dependent way - and the inhibitory action of dopamine (Chapters 2,6). Cortisol, the end-
product of the HPI axis in tilapia, had a negative feedback effect on the CRH-stimulated a-
MSH secretion, when administered in vivo (Chapter 5). An in-vitro (direct) feedback effect 
of Cortisol was evident on the CRH-stimulated a-MSH release, but not on TRH-stimulated 
release. 
During adaptation to low-pH the sensitivity of the MSH cells to the stimulator TRH 
was enhanced compared to controls. Such an increased sensitivity was not seen for CRH 
stimulation of the a-MSH release (Chapter 4). The in-vitro feedback effect of Cortisol on the 
stimulation of a-MSH secretion by CRH was not apparent in fish exposed to acid water 
(Chapter 5). 
The effect of low-pH adaptation on the action of dopamine on a-MSH secretion was 
surprising: in fish adapted to an acid environment, dopamine exerted different effects on a-
MSH release. High concentrations of dopamine inhibited the release of a-MSH, whereas low 
concentrations had a stimulatory action. This differential effect was not present in control 
fish, where dopamine exclusively inhibited the release of a-MSH at all concentrations tested. 
In low-pH adapted fish, the inhibitory effect is mediated through a D2-like receptor and the 
stimulatory effect through a Dl-like receptor, as shown by pharmacological studies. 
Furthermore, the Dl-like receptor activity could only be found in NILs from low-pH adapted 
fish (Chapter 6). As a result of the Dl-like receptor activity in the NILs of low-pH adapted 
fish, the di/mono ratios of the released a-MSH were elevated by dopamine. Dopamine had 
no such effect in unstressed fish (Chapter 6). 
In order to study the expression of the Dl-like receptor gene, a dopamine Dl-like 
receptor was isolated from a tilapia hypothalamic cDNA library. The receptor had 79.9% 
sequence similarity with the human Dl and 80.5% with the human D5 receptor (Chapter 7). 
From these figures we cannot determine the exact identity of the receptor. We refer to the 
receptor as the tilapia stimulatory dopamine receptor (tDl/5). Probes derived from this clone 
are presently used to detect tDl/5 mRNA in expression studies. 
In summary, a-MSH proves to be an important corticotropic mediator, like ACTH. 
Its release is controlled by hypothalamic factors, in particular TRH. Cortisol, the end product 
of the axis, has a negative feedback effect on the stimulation of the a-MSH release by CRH 
but not by TRH. These findings are summarized in Figs la and lb. They support the 
hypothesis that a-MSH is involved in the adaptation to stressors and is part of a pathway in 
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Control Stressed 
mineralocorticoid glucocorticoid mineralocorticoid glucocorticoid 
FIGURE 1 Model of the regulation of the release and function of a-MSH in control and acid-stressed 
tilapia Black arrows denote a stimulatory control, grey, blocked arrows refer to inhibitory control The 
size of the arrows indicate the relative magnitude of the effect 
the complex HPI axis of tilapia which runs in parallel to the CRH-ACTH pathway 
a-MSH comcotropic versus melanotropic actions 
a-MSH is traditionally best known for its function in the adaptation to changing background 
colours in fish, amphibians and reptiles (Bagnara and Hadley, 1973) When an animal is 
placed on a dark background, the MSH cells are activated and a-MSH is released into the 
blood, eventually causing a dispersion of pigment in the dermal melanophores of the skin 
Placing animals on a white background results in concentration of the pigment in the 
melanophores and paling of the skin, because a-MSH release is inhibited 
The data presented in this thesis substantiate a clear corticotropic function for a-MSH 
in tilapia During adaptation to acid water as a stressor, a-MSH levels are elevated, without 
evident darkening of the skin (A E Lamers, unpublished observations) Also, tilapia rum 
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dark when placed on a black background, without raising their α-MSH levels (D. Gröneveld, 
personal communications). For tilapia, evidence was given that α-MSH regulates 
melanogenesis (Van Eys, 1981) but as a mode of long term regulation. Obviously, in tilapia 
factors other than a-MSH control the direct dispersion of the pigment in the melanophores. 
Indeed, in fish the neuronal regulation of pigment dispersion in the melanophore is very 
strong and fast (Green and Baker, 1989). Interestingly, in fish melanin concentrating 
hormone (MCH) is readily released upon changing to a light background. Acting most likely 
as a neurohypophyseal hormone, MCH dominates the movement of pigment in the 
melanophores (Kishida et al., 1989). The MCH sequence of the tilapia Oreochromis 
mossambicus has recently been identified (Gröneveld et al., 1993). 
In some mammals, a-MSH is related to seasonal changes in the colour of their fur 
(Bagnara and Hadley, 1973). However, also in mammals that do not display fur colour 
changes, a-MSH has been demonstrated in the blood plasma (Lindley et al., 1990; 
Lookingland et al., 1991). Thus, also in mammals there must be a function for a-MSH, 
other than that of changing skin colour. 
Several less well-known effects of a-MSH have been described: it has e.g. anti-
inflammatory (Cannon et al., 1986) effects, it stimulates the heart rate, and increases blood 
pressure (Lincia/., 1987) and natriuresis (Klein et al., 1985); it induces grooming behaviour 
(Ferrari, 1958) and stimulates nerve regeneration (Strand and Kung, 1980; Bijlsma et al., 
1981). However, many researchers looked for a function for a-MSH in stress adaptation, 
because a number of studies with mammals showed that a-MSH levels in the blood are 
elevated as a response to different kinds of stressors (Alexander et al., 1988; Lookingland 
et al., 1991). α-MSH is structurally related to ACTH, and a-MSH- and ACTH receptors 
show high sequence similarity (Montjoy et al., 1992). Indeed, also in mammals corticotropic 
effects of α-MSH have been described (Vinson et al, 1984; Szalay and Folly, 1992). 
α-MSH was originally named after its melanotropic action in amphibians and reptiles. 
However, because here the corticotropic function is demonstrated in fish, the phylogenetically 
oldest class of vertebrates, we speculate that the more original function of α-MSH in aquatic 
animals was that of a corticotropic hormone, and that during vertebrate evolution other 
functions developed, including a melanotropic action in some species. 
Functional evolution is not uncommon for vertebrate hormones. In this respect a-
MSH is comparable to other multifunctional hormones like prolactin and growth hormone. 
Prolactin is involved in a variety of functions among the vertebrates. Many of these functions 
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are specific or more pronounced in certain species or groups (De Vlaming, 1980). In aquatic 
animals, prolactin is primary involved in osmoregulation. This function has become less 
important in the higher vertebrates, where its role in metamorphosis (amphibians), migration 
(birds) and parental care (mammals, birds) became more important. Also, growth hormone 
has an osmoregulatory function in fish, in addition to its role in regulation of growth 
(Sakamoto et al., 1993), and this function seems to be absent in the terrestrial vertebrates. 
The primary function of a-MSH in animals may differ and depend on the physiology 
of the species. Corticotropic, melanotropic and possibly other functions of a-MSH may have 
evolved in vertebrates according to the demand of the species for either function: in the 
reptile Anolis carolinensis and the amphibian Xenopus laevis, animals that rely on mimicry 
for survival, there is a clear demand for a melanotropic hormone. Indeed, in these species 
the melanotropic function is important and, at least in Xenopus, dominates over the 
corticotropic function (F.J.C, van Strien, personal communication). In tilapia a-MSH has a 
corticotropic function. Tilapia are known for their hardiness and stress resistance. The 
corticotropic function of a-MSH, particular in chronic stress may play a fundamental role 
in these properties. 
How are the TRH-a-MSH and the CRH-ACTH pathways integrated in the stress response? 
As mentioned in the introduction, exposure to stressors evokes acute and more chronic neuro-
endocrine responses. In general, during the acute phase of stress, a sympathetic response 
becomes noticable within seconds, and within minutes CRH and arginine vasopressin (AVP) 
are transported to the ACTH cells (Schwartz et al., 1994). ACTH is rapidly released to 
stimulate release of corticosteroids. The effect of ACTH on the secretion of corticosteroids 
is very strong and fast, resulting in high concentrations of plasma corticosteroids. These high 
concentrations exert glucocorticoid and mineralocorticoid effects, but also rapidly and 
strongly inhibit the activation of CRH-producing cells in the hypothalamus and higher brain 
regions, and the CRH-stimulated release of ACTH from the pituitary (reviewed by Meaney 
et al. 1993, Harbuz and Lightman, 1993, Dallman, 1993). These feedback effects probably 
lead to strong fluctuations in ACTH and Cortisol signals, until the ACTH cells become 
desensitized to CRH (Harbuz and Lightman, 1993). Similar phenomena have been described 
for fish (Donaldson, 1981). 
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a c u t e phase chronic phase 
time scale of stress response 
FIGURE 2. Diagram of the succession of ACTH and α-MSH and their primary releasing hormones in the 
time course of the stress response in tilapia induced by acid water exposure. Acute stress causes an 
elevation of CRH release. This stimulates the ACTH release which is responsible for the rise in plasma 
Cortisol. Cortisol in tum inhibits the CRH synthesis and release and the CRH stimulated ACTH secretion. 
When the stressor persists, TRH is released to stimulate the secretion of a-MSH. a-MSH keeps the 
plasma Cortisol titer elevated. The TRH-stimulated release of a-MSH is insensitive to negative feedback 
by Cortisol, resulting in a prolonged elevation of Cortisol levels. 
Although the ACTH response varies depending on the nature of the stressor, in general the 
ACTH signal is reduced to normal levels and CRH receptor numbers are decreased during 
the chronic phase of stress in mammals. Cortisol levels return to normal or stay elevated at 
submaximal levels according to the severity of the stressor (Harbuz and Lightman, 1993). 
In contrast, in this chronic phase of the stress response, the NIL cells become activated in 
rats exposed to repeated swimming (Young, 1990). Remarkably, elevated a-MSH levels have 
been reported in fish exposed to long-term stressors (Malo Michelle, 1975; 1980). In this 
thesis it is reported that MSH cells are activated and that release of a-MSH is increased in 
tilapia exposed to low-pH water (Lamers et al., 1994). There was no increase in the a-MSH 
levels in fish during exposure to acute stressors like handling and restraint (Lamers et al., 
1992). The absence of an a-MSH response combined with an ACTH surge in acute stress 
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points to a specific function for ACTH in the alarm phase of the stress response, whereas a-
MSH may be the corticotrope in the absence of ACTH in the chronic phase of stress. 
We reported that a-MSH release during chronic low-pH stress was stimulated by TRH 
rather than by CRH (Lamers, et al. 1994). α-MSH has a lower corticotropic potency than 
ACTH (Lamers, et al. 1992) and as a result of the corticotropic action of α-MSH, Cortisol 
levels stay elevated at a .шЬтахітаІ level (Lamers, et al. 1994). There is no feedback effect 
of Cortisol on the stimulation of α-MSH release by TRH. These more subtle effects of a-
MSH (compared to ACTH) on the production and secretion of Cortisol allows fine-tuning of 
the Cortisol level. Considering the intrinsic corticotropic activities of ACTH and α-MSH, 
minor fluctuations in the ACTH signal will severely disturb Cortisol levels, whereas larger 
changes in α-MSH levels are required to affect the Cortisol level. Because the TRH-
stimulated release of α-MSH in particular is less sensitive to the feedback effect of Cortisol, 
its regulatory effect can be maintained over a prolonged period. We did not observe a 
desensitization by Cortisol of the MSH cells to TRH, but we predict a negative feedback 
effect of Cortisol on hypothalamic TRH producing neurons in tilapia. 
Although ACTH secretion is decreased during chronic stress in rats, the ACTH cells 
remain activated, as judged by their increased adenylyl cyclase activity (Morrill et al., 1993). 
In tilapia exposed to low water pH, we also observed signs of increased synthetic activity in 
the ACTH cells such as increased relative volumes of mitochondria, gER and Golgi 
apparatus. However, the increased number of secretory granules observed in these cells point 
to a decreased release activity (S.E. Wendelaar Bonga, personal communication). We suggest 
that the ACTH cells remain alerted for additional acute stressors or a sudden worsening of 
the stressful conditions (Dallman et al, 1992; Morrill et al., 1993). 
The above mentioned observations in mammals and fish led us to conclude that the 
CRH-ACTH pathway has to be readily available in the acute phase of stress to allow the 
organism to exert fast acclimation processes. Data presented in this thesis indicate that the 
TRH-a-MSH pathway, in contrast, is preferentially activated during long term stress. The 
system needs time to make adaptational changes: the sensitivity to TRH becomes enhanced 
and, moreover, Dl-like dopamine receptors on the MSH cell become activated. These 
changes persist for the duration of the low-pH stress. The adaptation of tilapia to acid water 
may, therefore, serve as a suitable model for the study of the mechanism of adaption to 
chronic stress. 
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A role for a stimulatory dopamine receptor during stress 
Dopamine is an inhibitor of the stress hormone a-MSH under control conditions, and 
pharmacological data support that this inhibitory effect is exerted via a D2-like dopamine 
receptor. In mammals it has been reported that in long-lasting, stressful situations the 
secretion of dopamine in the vicinity of the a-MSH cells is decreased (Lookingland et al., 
1991), leading to a low concentration of the inhibitor and a increased secretion of a-MSH. 
Interestingly, when this also holds true for low-pH exposed tilapia, this decreased dopamine 
secretion may be of physiological importance: pharmacological studies presented in this thesis 
have revealed that a Dl-like dopamine receptor is induced on the MSH cells of acid stressed 
tilapia. This receptor has a very high affinity for dopamine, implicating that it stimulates a-
MSH release at very low concentrations of dopamine. Thus, in low-pH stressed fish an 
interesting scenario presents itself in which a lowering of the dopamine concentration does 
not lead to a loss of its action: extremely low concentrations of dopamine are required for 
a full activation of newly-induced stimulatory dopamine receptors. The D2-like receptor in 
the MSH cells is not down-regulated in response to the stressor. This means that, when 
necessary, a high concentration of dopamine will still be able to exert its inhibitory effect. 
The extremely low concentrations at which dopamine stimulates the release of a-MSH 
suggest that dopamine is non-synaptically secreted. Non-synaptical (paracrine) release 
implicates diffusion of the neurotransmitter through the intercellular fluid towards the 
receptor. Dilution may lead to relatively low effective concentrations. The control of the 
MSH cell by dopamine via the Dl receptor, therefore, could very well be of paracrine 
nature, whereas the relatively high EC50 of the dopamine D2 receptor suggests that the latter 
receptor is situated within synaptical structures. 
This thesis further reports on the cloning of a tilapia Dl/5 dopamine receptor (tDl/5). 
This receptor shows equal sequence identity and similarity to the human and rat DI (Dia) 
and D5 (Dlb) (79.9 - 80.5%, Chapter 7). Although there is no direct evidence, we suggest 
that this receptor is the same as the Dl-like receptor demonstrated in the pharmacological 
studies on the MSH cells in the NIL (Chapter 6). 
Sofar, only in one other fish species evidence for the presence of a stimulatory dopamine 
receptor has been reported. In the goldfish Carassius auratus a similar receptor, with equal 
similarity to human Dl and D2 has been cloned from a retina cDNA library (Frail et al., 
1993). Perhaps fish possess the ancestral stimulatory dopamine receptor of the vertebrates. 
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In aan verzuurd water blootgestelde tilapia werd in de hypofyse een verhoogde activiteit 
van de MSH cellen aangetroffen, geoordeeld naar de vergrote celinhoud, relatieve 
oppervlakten van mitochondriën en Golgi-apparaat. De reductie van het aantal 
secretiegranula in de MSH cellen van aan verzuring blootgestelde vissen wijst op een 
verhoogde afgifte-activiteit (Hoofdstuk 4). Er werd dan ook een verhoogde a-MSH spiegel 
in het bloed gevonden, en ook de afgifte van a-MSH uit de geïsoleerde neuro-
intermediaire lob (NIL) bleek te zijn toegenomen, vergeleken bij controle NILs (Hoofdstuk 
2). 
De vaststelling dat a-MSH betrokken is bij de adaptatie aan stress veroorzaakt door 
waterverzuring, leidde tot de vooronderstelling dat het hormoon een rol zou spelen in de 
hypothalame-hypofysaire-inlerrenale as (HHI-as), een van de belangrijkste mechanismen 
die zijn betrokken bij de adaptatie aan stress. Een dergelijke functie van a-MSH ligt voor 
de hand, omdat het hormoon structureel verwant is aan het klassieke corticotrope hormoon, 
ACTH. Een superfusie-experiment waarin het corticotrope effect van superfusaat afkomstig 
van de NIL vergeleken werd met dat van ACTH-houdend pars distalis superfusaat, toonde 
aan dat de invloed van beide hypofysedelen op de Cortisol afgifte uit de kopnier 
vergelijkbaar is. Wanneer door middel van immuno-affiniteitschromatografie het a-MSH 
selectief uit het NIL superfusaat weggevangen was, bleek het corticotrope effect van dit 
superfusaat verdwenen te zijn. Hieruit werd geconcludeerd dat de stimulatie van de 
cortisolafgifte door NIL superfusaat aan a-MSH toe te schrijven is. 
Er werden drie posttranslationele varianten van a-MSH in een NIL-extract van tilapia 
aangetroffen: des-acetyl-, mono-acetyl- en di-acetyl a-MSH. Mono-acetyl-en di-acetyl a-
MSH werden voornamelijk aan het bloed afgegeven, terwijl des-acetyl a-MSH de 
voornaamste opslagvorm bleek te zijn. Van de drie vormen had di-acetyl a-MSH de 
grootste corticotrope activiteit. De di/mono ratio geeft daarom een indicatie van de 
corticotrope kwaliteit van het afgegeven a-MSH (Hoofdstuk 3). Di-acetyl en mono-acetyl 
a-MSH worden onafhankelijk van hun concentratie in de MSH cellen afgegeven: de 
di/mono ratio in het NIL-extract is hoger (1,10) dan die in het bloed (0,55). Dit betekent 
dat de afgifte van di-acetyl en mono-acetyl a-MSH gedifferentieerd plaatsvindt. Deze 
gedifferentieerde afgifte kon in vitro gestimuleerd worden door thyrotropin-releasing 
hormone (TRH). Het feit dat de di/mono-ratio in het plasma van aan verzuring 
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blootgestelde hoger lag dan in plasma van controle dieren, onderstreept het fysiologische 
belang van deze regulatie van de differentiële a-MSH afgifte (Hoofdstuk 3). 
De relatieve corticotrope waarde van a-MSH werd bepaald door de concentratie-effect 
curven van ACTH en di-ас a-MSH te vergelijken. Deze vergelijking toonde aan dat, 
farmacologisch gezien, ACTH een 1000 maal hogere corticotrope potentie heeft dan di-ac 
a-MSH. Wanneer de totale corticotrope signaal van de PD vergeleken werd met dat van 
de NIL, werd een slechts drie maal hogere potentie gevonden voor het ACTH-houdende 
superfusaat van de PD ten opzichte van het a-MSH houdende NIL superfusaat. Verschillen 
in bloedplasma waarden van de a-MSH en ACTH zijn hiervoor een verklaring. Daarnaast 
bestaat nog de mogelijkheid dat er een voorlopig nog onbekende factor samen met a-MSH 
uit de NIL afgegeven wordt. Deze factor zou het corticotrope effect van a-MSH 
potentiëren, maar zelf geen effect hebben op de afgifte van Cortisol (Hoofdstuk 3). 
De afgifte van a-MSH staat onder controle van stimulerende en remmende factoren uit 
de hypothalamus. Zowel TRH (Hoofdstuk 2 en 4) als corticotropin-releasing hormone 
(CRH) stimuleren de afgifte van a-MSH in een concentratie-afhankelijke manier 
(Hoofdstuk 4); dopamine remt de afgifte van a-MSH (Hoofdstuk 2 en 6). 
Cortisol, het cindprodukt van de HHI-as, had een negatief terugkoppelend effect op de 
CRH-gestimuleerde en, in mindere mate, op de TRH-gestimuleerde afgifte van a-MSH, 
wanneer het langdurig, in vìvo toegediend werd. De kortdurende in vitro toediening van 
Cortisol had alleen effect op de CRH-gestimuleerde, maar niet op de TRH-gestimuleerdc 
afgifte van a-MSH (Hoofdstuk 5). Wanneer de vissen blootgesteld werden aan 
waterverzuring, bleek de gevoeligheid van de MSH cellen verhoogd te zijn voor TRH 
maar niet voor CRH. In deze verzuurde vissen was het negatieve terugkoppelingseffect van 
Cortisol verdwenen (Hoofdstuk 5). 
Het effect van blootstelling aan waterverzuring op de gevoeligheid van de MSH cellen 
voor de remmer dopamine was verrassend: dopamine had een tweeledig effect op de 
afgifte van a-MSH in de verzuurde vissen. Terwijl hoge dopamineconcentraties de afgifte 
remden, bleken extreem lage concentraties de afgifte van a-MSH te stimuleren. Dit 
tweeledige effect werd niet waargenomen in controle dieren, waar dopamine in alle geteste 
concentraties de afgifte van a-MSH remde. Farmacologische studies wezen uit dat het 
remmende effect van dopamine door een D-2-achtige dopamine receptor wordt 
gemedieerd, en het stimulerende effect door een D-1-achtige dopamine receptor. Deze D-
1-achtige receptor kon alleen aangetoond worden in de NIL van aan verzuring 
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blootgestelde vissen. Naast een verhoging van de afgifte van totaal a-MSH was de D-l-
achtige dopamine receptor ook verantwoordelijk voor een verhoogde di/mono ratio van het 
afgegeven a-MSH in de NILs van verzuurde vissen (Hoofdstuk 6). 
Als eerste stap naar het bestuderen van de expressie van de Dl-achtige receptor op 
moleculair-biologisch niveau, werd een D-1-achtige receptor geïsoleerd uit een 
hypothalame cDNA-bibliotheek van tilapia. Deze receptor had 79,9 % gelijkenis met de 
dopamine Dl receptor van de mens en 80,5 % met de dopamine D5 receptor. Op grond 
van deze getallen kan geen uitspraak gedaan worden over de identiteit van de receptor 
(Hoofdstuk 7). 
Kort gezegd, de in dit proefschrift gepresenteerde gegevens wijzen erop dat in tilapia ct-
MSH een belangrijke corticotroop hormoon is, geïntegreerd in een alternatieve tak in de 
IIHI-as. De afgifte van het hormoon wordt gereguleerd door hypothalame factoren (met 
name TRH), en Cortisol, het eindprodukt van de HHI-as, heeft een negatief 
terugkoppelende werking op de CRH-gestimuleerde afgifte van a-MSH. 
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Cruijsen, bedankt dat jullie er altijd waren in tijden van nood. Gert Flik, dankzij jouw 
enthousiasme vond ik telkens de motivatie om door te gaan. Medewerkers en -denkers op 
de afdelingen Cellulaire en Moleculaire Dierfysiologie, waar ik altijd gastvrij ontvangen 
ben en met veel plezier heb gewerkt. Diet Gröneveld en Dominique de Kleijn leidden 
mijn eerste stappen in de moleculaire biologie. Bij Peter Klaren en Theo Schoenmakers 
kon ik altijd terecht met computerproblemen. Petra ter Brugge en Felix Geeraedts hebben 
tijdens hun doctoraalstage een bijdrage aan dit proefschrift geleverd. Dankzij Tom 
Spanings waren de vissen altijd in topvorm. Rob Hanssen en Eveline de Rijk, bedankt 
voor alle sportieve ondernemingen. Liesbeth Jansen-Hoorweg, Else Schaberg en Stanny 
Berghs, bedankt voor de culturele uitjes. Jack Leunissen (CAOS CAMM Center) wil ik 
graag bedanken voor de hulp met het construeren van de fylogenetische boom. En dan 
bedank ik nog mijn ouders die altijd in me geloofd hebben. Dankzij hen ben ik geworden 
zoals ik ben. 
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STELLINGEN 
I In tilapia speelt α-MSH een rol als een stresshormoon dat voornamelijk van 
belang is tijdens de chronische fase van de stressrespons (dit proefschrift). 
II Om het fysiologische belang van α-MSH als corticotrope factor te bepalen, is 
een farmacologische vergelijking met ACTH niet de juiste benadering (dit 
proefschrift). 
III Een verlaging van de dopamineconcentratie in de neuro-intermédiaire lob van 
de hypofyse van tilapia blootgesteld aan verzuurd water zou, naast een verlies 
van een remmende functie ook het tot stand komen van een stimulerende 
functie van deze neurotransmitter betekenen (dit proefschrift). 
IV Het feit dat verschillende vormen van stanniocalcine circuleren in het bloed van 
zoetwater- en zeewatergeadapteerde vissen doet vermoeden dat stanniocalcine 
niet bij uitstek een zeewater-adaptatiehormoon is (contra: R.G.J.M. Hanssen, 
Synthesis and secretion of the calcium regulating hormone stanniocalcin in 
teleost fish, proefschrift KU Nijmegen 1991). 
V De praktische toepassing van de bacteriologische controle in de endodontic, 
hoewel ongeschikt gebleken voor wetenschappelijk onderzoek, heeft wezenlijk 
bijgedragen aan de ontwikkeling van het inzicht dat geleid heeft tot het huidige 
standpunt waarbij het gebruik van farmaca bij de behandeling van het 
geïnfecteerde wortelkanaal sterk wordt beperkt. 
VI Omdat milieuproblemen hoofdzakelijk veroorzaakt worden door overbevolking, 
zijn de huidige milieumaatregelen slechts bestrijding van symptomen. 
VII Lingerie zou de meest gepaste kleding zijn voor een promovenda, wanneer haar 
proefschrift niet veel om het lijf heeft. 
VIII Anders dan in een proefschrift is een goede stelling in de dressuursport van 
fundamenteel belang. 
Anne Lamers, Nijmegen, 28 september 1994 
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